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ABSTMCT 
The dynamics a s s o c i a t e d  w i t h  t h e  pe rcepk ion  of o r i e n t a -  
t i o r l w e r e  modelled f o r  nea r - th re sho ld  and s u p r a t h r e s h o l d  
v e s t i b u l a r  s t imuLi .  A model o f  t h e  i n f o r m a t i o n  a v a i l a b l e  
a t  t h e  p e r i p h e r a l  s enso r s  which was c o n s i s t e n t  w i t h  a v a i l a b l e  
neuropi~lysiologic  d a t a  was developed and s e r v e d  as t h e  b a s i s  
f o r  t h e  lnodels of t h e  p e r c e p t u a l  icesponsas, A s  a  p r e l i m i n a r y  
nsauml)tlon t h e  centl-a1 proce5s .o~ was a ~ ~ u m e d  t o  u t f l i ~ a  t h e  
l .a~for~n?ct 'Lo~~ from tho  percippheral o c s n ~ ~ o m  i n  an op$im@P (mini-  
munt moan !4<1uarr! arrub) iimnn@$ t o  p ~ o d u e ~  ti30 p e r ~ ~ p t u a l  e ~ t B -  
~l~n.Lcst~ 0%: ilynoln:ic: o.r.i.on'tat%on, This a&~umplFion, eoup%o& w i t h  
the ~ 1 1 o d ~ l o  o f  uunnory informakhss,  dek~rmiwad the form of 
the  lnjdol f o r  t h e  c e n t r a l  procbaeoz.  Compa~sbaon o f  msdeP 
respcinses w i t 1 1  d a t a  from p s y c h o p h y ~ i c a B  e x p ~ r f m e n t s  indicated  
t h a t  wllilc l i t t l e  o r  no c e n t r a l  p r o c e s s i n g  may b e  occu r ing  
f o r  s imple  sup ra th re sho ld  c a n a l  s t$mulat iow,  a  s i g n i f i c a n t  
p o r t i o n  of t h e  dynamic response  to  t r a n s l a t i o n a P  a c c e P e r a t i o n s  
must be a t . t r i b u t e d  t o  t h e  c e n t r a l  p r o c e s s i n g  o f  o t o l i t h  i n f o r -  
mation.  
The  fundamental mechanism which u n d e r l i e s  t h e  phenomenon 
of v e s t i b u l a r  ttlarcsholds was s t u d i e d  expe r in l en t a l l y  by 
t e s t i n g  t h e  response  of s u b j e c t s  t o  a  n e a r  t h r e s h o l d  s t i m u l u s  
c o l l s i s t i n g  of  a v e l o c i t y  step-ramp p r o p o r t i o n a l  t o  t h e  sum of 
the s u b j c ~ c ' t ~ s  v e l o c i t y  s t e p  and a c c e l e r a t i o n  s t e p  t h r e s h o l d s .  
Expcr.imental r e s u l t s  i n d i c a t e d  t h a t  c a n a l  t h r e s h o l d s  could  be 
accolrntcd f o r  by a model of  c e n t r a l  p r o c e s s i n g  c o n s i s t i n g  on ly  
ljf . t r i  . - ciptir11;11 p roces s ing  of a f f e r e n t  f i r i n g  rates i n  a d d i t i v e  
noise wi th  no n e c e s s i t y  f o r  p e r i p h e r a l  dead zone n o n l i n e a r i t i e s .  
Q u a n t i t a t i v e  models of t h r e s h o l d  d e t e c t i o n  were developed which 
correctly p r e d i c t e d  t h r e s h o l d  l e v e l s  (75% c o r r e c t  d e t e c t i o n )  and 
response: l a t e n c i e s  f o r  r o t a t i o n a l  s t i m u l i .  It was found t h a t  
t h e  same d e t e c t o r  could b e  used to,  model t h e  t h r e s h o l d  responses  
r e s u l C i n y  from t r a n s l a t i o n a l  s t i m u l i .  
~ h c  i l l u s i o n s  of s t i a t i c  o r i e n t a t i o n  were s t u d i e d  and i t  
was shvwn t h a t  they  were c o n s i s t e n t  w i t h  a  s imple  v e c t o r  
tril11:;formation which could  be a s s o c i a t e d  wi th  d i f f e r e n c e s '  i n  
tllc pcuccss ing  of s i g n a l s  a r i s i n g  from' s t i m u l i  i n  and s t i m u l i  
~ ~ c r p c i i c l i c u l a r  t o  t h e  " u t r i c l e  p l ane" .  A model was developed 
w h i c h  i n c o r p o r a t e d  t h i s  d i f f e r e n c e  and which was c a p a b l e  of 
p r e d i c t i n g  t h e  p e r c e p t i o n  of o r i e n t a t i o n  i n  an  a r b i t r a r y  
s t a t l c  s p c c i f i c  f o r c e  environment.  
The problem of i n t e g r a t i n g  in fo rma t ion  from t h e  semi- 
c i r c u l a r  c a n a l s  and the o t o l i t h s  t o  p r e d i c t  t h e  p e r c e p t u a l  
rc.sponse t o  motions which s t i m u l a t e  bo th  organs  was s t u d i e d .  
A model w a s  dcveloped which was shown t o  be u s e f u l  i n  p rc -  
d i e t i n g  t h e  p e r c e p t u a l  r e sponse  t o  multi-sen:jory s t i m u l i .  
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1 3  
C h a p t e r  I 
INTRODUCTION 
Thc r e s r t a rch  e f f o r t  which is d e s c r i b e d  i n  t h i s  t h e s i s  
w , l f >  u n d r . r t , ~ k ~ n  t o  i n c r e a s e  o u r  u n d e r s t a n d i n g  o f  t h e  phenom- 
cno l  oqy ,~?;.;oci;ltctl w i t h  v e s t i b u l a r  p e r c e p t i o n .  More 
s p c c i f . i c a l l y ,  t .h i s  t h e s i s  a t t e m p t s  t o  s e p a r a t e  t h e  p r o c e s s e s  
w h i c h  u n d e r l i e  t h i s  p e r c e p t i o n  i n t o  two c a s c a d e d  but funda-  
m e n t a l l y  d i s t i n c t  e l e m e n t s ,  namely: 
1. t h e  p e r i p h e r a l  s e n s o r s  and  t h e  a s s o c i a t e d  n e u r a l  
processes which d e t e r m i n e  t h e  a f f e r e n t  r e s p o n s e  
t o  e x t e r n a l  s t i m u l i ;  and 
2. t h e  p r o c e s s i n g  by t h e  h i g h e r  c e n t e r s  of t h e  
i n f o r m a t i o n  a v a i l a b l e  from t h e  f i r s t  o r d e r  a f f e r e n t  
r e s p o n s e s .  . , 
These el .ements  can  b e  c o n s i d e r e d  as b o t h  p h y s i c a l l y  s e p a r a b l e  
and ,  i n  tcrms of o u r  m c t h o d o l o q i c a l  approach  t o  m o d e l l i n g  
t:ll.c:~n, ~ . ~ h , i l o s n p l ~ i c a l l y  s e p a r a b l e .  I n  t h e  c a s e  o f  t h e  f i r s t  
cl( ,r~li ,nt  t h c  rncchanica l  dynamics  o f  t h e  s e n s o r s  c a n  b e  and  
a r c  d i s t i n g u i s h e d  f rom the dynamic e f f e c t s  a s s o c i a t e d  w i t h  
t h e  f i r s t  o r d e r  a f f e r e n t  p r o c e s s e s .  I n  t h e  case o f  t h e  
s e c o n d  c l c m e n t  a d i s t i n c t i o n  i s  maae between t h e  t h r e s h o l d  
s t i m u l i  which m u s t  be p r o c e s s e d  by a  d e t e c t o r  and  s u p r a -  
threshold s t i m u l i  which must  b e  p r o c e s s e d  b y  an es t imator .  
S u p r n t h r c s h o l d  s t i m u l i  a r e  f u r t h e r  d i v i d e d  i n t o  t h o s e  which  
i n v o l v e  t h e  i n t e g r a t i o n  o f  morc t h a n  o n e  s e n s o r y  m o d a l i t y  
and t h o s e  which d o  n o t .  The m o t i v a t i o n  f o r  t h i s  r e s e a r c h  
and t.hc ~r~cthodoloyy used t o  approach t h e  fundamental  problems 
involved i n  t h e  model l ing  o f  v e s t i b u l a r  p e r c e p t i o n  a r e  
e 
d i scussed  i n  t h i s  c h a p t e r  fol lowed by a b r i e f  i n t r o d u c t i o n  
t r ~  t h c  c o n t e n t s  o f  t h e  remaining c h a p t e r s  
1.1 Mot iva t ion  f o r  Research 
T h e  p roduc t s  o f  modern technology,  e s p e c i a l l y  t h o s e  
a s s o c i a t e d  w i t h  t h e  advancements made i n  ae rospace  v e h i c l e s ,  
have engendered a  r a p i d  i n c r e a s e  i n  t h e  need t o  unders tand  
man's r e a c t i o n s  t o  motion environments which a r e  complete ly  
a l i c n  t o  h i s  p re - twen t i e th  cen tury  e x p e r i e n c e s .  Obvious 
examples of such environments a r e  t h e  pro longed  zero-g 
environmcnts made p o s s i b l e  by space v e h i c l e s  and t h e  r a p i d l y  
va ry ing  high CJ environments o f  modern m i l i t a r y  a i r c r a f t  and 
rocke t  launch v e h i c l e s .  Less  obvious  b u t  e q u a l l y  impor t an t  
a r c  man's r e a c t i o n s  t o  t h e  motions a r i s i n g  From conunercial 
and g e n e r a l  a v i a t i o n  a i r c r a f t ,  s h i p s ,  t a l l  b u i l d i n g s  (sway) 
and motion based s i m u l a t o r s .  S ince  t h e  v e s t i b u l a r  system i s  
man's primary non-visual  i n e r t i a l  o r i e n t a t i o n  s e n s o r ,  i t s  
cen t ra l .  in1port;lncc t o  any unders tanding  o f  man's  c a p a b i l i t y  
t o  f u n c t i o n  e f f e c t i v e l y  i n  t h e s e  motion environments  is 
c l e a r .  
I f  a model o f  s t i m u l u s  d e t e c t i o n  i s  deve loped  
f o r  v c s t i b u l a r  p e r c e p t i o n  which i s  capab le  o f  g i v i n g  r ea sonab le  
c s t i m a t c s  o f  t h e  d e t e c t i o n  p r o b a b i l i t i e s  a s  a  f u n c t i o n  o f  
tri~nr: for arh.i.l:rary nr:;lr t h r e s h o l d  s t i m u l ~ i  t hen  p r e d i c t i o n s  
ciin h c  mad[> which have s i g n i f i c a n t  importance f o r  s e v e r a l  
seemingly u n r e l a t e d  problems.  Among t h e  most prominent o f  
these a r e  t h e  fo l lowing:  
- 1. How does one maximize t h e  f i d e l i t y  o f  a  motion- 
based s i m u l a t o r  w h i l e  minimizing t h e  requi rements  
f o r  t r a n s l a t i o n a l  motion s o  t h a t '  s i m u l a t o r  c o s t s  can 
be reduced? While t h e  t echn iques  i nvo lved  i n  
o p t i m a l l y  u t i l i z i n g  a  g iven  amount of l a t e r a l  
motion c a p a b i l i t y  can become q u i t e  s o p h i s t i c a t e d  
a thorouqh unders tanding  of t h e  dynamics of t h r e s h o l d  
p e r c e p t i o n  i s  necessary  i f  maximum f i d e l i t y  i s  t o  be 
ach ieved .  
and 
2 .  What a r e  t h e  c o n s t r a i n t s  which m u s t  be  p l a c e d  on 
t h e  s t r u c t u r a l .  motions of t a l l  b u i l d i n g s  t o  i n s u r e  
t h e  comfort of  t h e  b u i l d i n g s '  occupants?  T h i s  q u e s t i o n  
i s  o f  great importance i n  t h e  d e s i g n  o f  t a l l  b u i l d i n g s  
s i n c e  t h a t  des ign  (and t h e r e f o r e  t h e  c o n s t r u c t i o n  
c o s t s )  w i l l  be  very  s e n s i t i v e  t o  t h e  c o n s t r a i n t s  
imposed. Since t h e s e  motions a r e  t y p i c a l l y  q u i t e  
s m a l l  it  i s  necessary  t o  have a g e n e r a l  model f o r  
the d e t e c t i o n  o f  nea r  t h r e s h o l d  motions i f  r ea sonab le  
t r a d e  o f f s  a r e  t o  b e  made. 
T h e  need f o r  a  model t o  p r e d i c t  t h e  s u b j e c t i v e  p e r c e p t i o n  
of clynamic o r i e n t a t i o n  f o r  s u p r a t h r e s h o l d  s t i m u l i  which 
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i nvo lve  s t i m u l a t i o n  o f  bo th  t h e  s e m i c i r c u l a r  c a n a l s  and t h e  
o t o l i t h s  i s  even g r e a t e r .  Such a  model cou ld  be  used t o  
s tudy  p o s t u r a l  c o n t r o l ,  t o  e v a l u a t e  t h e  r i d e  q u a l i t y  o f  a  
wide v a r i e t y  o f  t r a n s p o r t a t i o n  v e h i c l e s ,  t o  p r e d i c t  t h e  
r e a c t i o n s  o f  p i l o t s  d u r i n g  unusual  maneuvers, t o  p r e d i c t  
t h e  i nc idence  of motion s i c k n e s s ,  and t o  e v a l u a t e  many of 
t h e  i l l u s i o n s  o f  motion o r  o r i e n t a t i o n  which a r i s e  due t o  
unusual  g f o r c e s  o r  s u s t a i n e d  r o t a t i o n s .  I n  a d d i t i o n ,  t h e  
development of  such a model draws upon and may c o n t r i b u t e  
t o  knowledge of s cnso ry /neu ra l  physiology . FOP example 
i n v e s t i g a t o r s  who a r e  s t u d y i n g  t h e  n e u r a l  p r o c e s s i n g  c e n t e r s  
of the b r a i n  may f i n d  i n t e r e s t i n g  p a r a l l e l s  between t h e  
i n t e r a c t i o n s  o f  sensory  in fo rma t ion  t h e y  d i s c o v e r  and t h e  
mathemat ical  t ransfor .mat ions  r e q u i r e d  by the model. I f  
t h c  t i m e  comcs t h a t  a  one-to-one correspondence can be made 
between a  mathemat ical  model o f  man's p e r c e p t u a l  r e sponses  
and t h e  p roces ses  seen i n  t h e  b r a i n  then  i t  might b e  p o s s i b l e  
t o  precli-ct t h e  s i t e  o f  n e u r o l o g i c a l  d i s o r d e r s  based upon 
t h e  response  of p a t i e n t s  t o  c o n t r o l l e d  s t i m u l i .  
1 . 2 .  A])proach t o  t h e  Problem o f  V e s t i b u l a r  Plodelling 
- -- ---- - 
Since  t h i s  r e s e a r c h  i s  concerned w i t h  t h e  p r o c e s s i n g  
o f  i n f o r m a t i o n  which i s  r e l e v a n t  t o  t h e  p e r c e p t i o n  o f  
dynamic o r i e n t a t i o n  it  i s  impor t an t  t o  e l u c i d a t e  c a r e f u l l y  
e x a c t l y  what i n fo rma t ion  i s  b e i n g  cons ide red .  While t h e  
~ ' r o l ~  lorn u f '  i . n t e g r a t  incj t h e  s i g n a l s  a v a i l a b l e  from eve ry  
scnsory  system which p rov ides  i n fo rma t ion  p e r t i n e n t  t o  t h e  
p e r c e p t i o n  o f  dynamic o r i e n t a t i o n  i s  an i m p o r t a n t o n e ,  
i t  i.s a t a s k  which, due t o  i t s  ex t remely  broad scope  must 
awai t  t h e  s o l u t i o n '  o f  more r e s t r i c t e d  problems. The models 
developed i n  t h i s  t h e s i s  exc lude  any in fo rma t ion  ga ined  
from non-ves t ibu l a r  s e n s o r s  d u r i n g  t h e  time o f  s t i m u l u s  
exposure .  S p e c i f i c a l l y  excluded a r e  v i s u a l ,  t a c t i l e ,  pro- 
p r i o c e p t i v e ,  k i n e s t h e t i c  and a u r a l  in format ion .  In fo rma t ion  
gained p r i o r  t o  t h e  s t imu lus  exposure  i s  cons ide red  a priori 
i n fo rma t ion  and i n  most c a s e s  can be handled by t h e  g e n e r a l  
mathcmat ical  framework o f  t h e  models i f  c a r e  i s  t a k e n  t o  
account  f u l l y  f o r  t h e  n a t u r e  o f  t h a t  i n fo rma t ion  and how it 
i s  a f f e c t e d  b y  any pre -s t imulus  i n s t r u c t i o n s .  I n  a d d i t i o n  
t o  - J ~ i o r i  in format ion  t h e  h i g h e r  c e n t e r s  have a t  t h e i r  
di::posal two o t h e r  t y p e s  of i n fo rma t ion .  The f i r s t  o f  t h e s e  
i s  t h e  a f f e r e n t  s i g n a l  a v a i l a b l e  from t h e  v e s t i b u l a r  s e n s o r s  
w h ~ c h  must bc processed t o  o b t a i n  t h e  p e r c e p t u a l  e s t i m a t e s  o f  
o r 2 e n t a t i o n .  To process  t h e s e  s enso ry  s i g n a l s  and t o  mlx 
thorn o p t i m a l l y  w i t h  t h e  - a p r i o r i  i n fo rma t ion  r e q u i r e s  some 
knowledge o f  tile p roces ses  which g i v e  r i s e  t o  the a f f e r e n t  
s i q n a l s .  J t  i s  t h i s  knowledge (which i n c l u d e s  an  i n t e r n a l  
model of  bo th  t h e  scnsory  dynamics and t h e  measurement n o i s e  
p r o c e s s e s )  t h a t  completes t h e  i n f o r m a t i o n  base  a v a i l a b l e  t o  
t h c  h i g h e r  c e n t e r s .  
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i n  ~ l t c  i ,rocuf:n or ( loveloping w d e 1 ~ 1  f o r  t h e  in formot ion  
( ~ v ~ ~ i l d b l c  from eha v e s t i b u l a r  ssnBors  and f o r  t h e  p r o c e s s i n g  
o f  t h a t  i n fo rma t ion  by t h e  h i g h e r  c e n t e r s  a number of i s s u e s  
a r ~ s e  which can be d e a l t  w i t h  as methodologica l  problems.  
S e v e r a l  of  t h c s e  i s s u e s  w i l l  be  d e a l t  w i t h  h e r e  as i l l u s t r a -  
t i o n s  o f  the approach t o  p e r c e p t u a l  model l ing  t a k e n  i n  t h i s  
r e s e a r c h .  
One q u e s t i o n  which a r i s e s  immediately i n  any model l ing  
c f f o r t  concerns  the c r i t e r i a  which w i l l  b e  used  t o  select  
t h c  form of t h c  model and i ts parameters .  The anewer t o  t h i s  
q u e s t i o n  depends on t h e  amount of ,knowledcgi available abou t  
t h e  p h y s i c a l  sys tem b e i n g  modelled.  S ince  a s i g n i f i c a n t  
amount of q u a l i t a t i v e  and q u a n t i t a t i v e  knowledge is a v a i l a b l e  
concerning the mechanical  and a f f e r e n t  dynamics o f  t h e  
v e s t i b u l a r  s e n s o r s  t h i s  i n fo rma t ion  w i l l  be used a s  much as 
p o s s i h l c  i.n modelli.ng t h e i r  dynamic response. '  Om t h e  o t h e r  
ha t id  t h e  knowlcdqe a v a i l a b l e  about  t h e  i n t e r n a l  s t r u c t u r e  
ant i  c l rganizat ion o f  t h e  c e n t r a l  p r o c e s s o r  i s  much more 
l in r i t cd .  So much s o  i n  f a c t  t h a t  any a t t e m p t  t o  deve lop  a 
viab1.c model o f  s u b j e c t i v e  p e r c e p t i o n  a s  a f u n c t i o n  o f  a f f e r e n t  
responses  based upon t h e  known n e u r o p h y s i o l o g i c a l  s t r u c t u r e  
of t h e  b r a i n  would probably be  f r u i t l e s s .  Upon what i n f o r m a t i o n  
t h e n  can a model o f  t h e  c e n t r a l  p r o c e s s o r  Be based? I n  any 
model-ling e f f o r t  i n  which t h e  p h y s i c a l  s t r u c t u r e  is cons ide red  
con1pl.ctaly unknown, a "b lack  box" approach i s  t a k e n  t o  produce 
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a model wh-~ch is consistent w i t h  t h e  known re sponses  o f  t h e  
system t o  e c l e c t e d  i n p u t s .  I n  t h i s  case i t  is reasonable 
t o  presume t h a t  t h e  n e u r a l  n e t  which forms t h e  c e n t r a l  
p roces so r  has  evolved t o  use  t h e  a v a i l a b l e  s e n s o r y  informa- 
t i o n  i n  a  rouqhly op t ima l  way. T h i s  assumption o f  o p t ~ m a l i t y  
s e r v e s  t o  sugges t  t h e  form o f  t h e  p r o c e s s o r  and e l i m i n a t e s  
any problem o f  non uniqueness  ( t h e  f a c t  t h a t  more t h a n  one 
p roces so r  might have been capab le  o f  p roduc ing  t h e  r e q u i r e d  
p r e d i c t i o n s ) .  The model which proceeds  from t h i s  assumption 
of o p t i n l a l i t y  must t hen  be checked a g a i n s t  t h e  known o u t p u t  
of t h e  system--namely t h e  s u b j e c t i v e  r e sponses  de te rmined  
from psychophysical  exper iments .  
Another problem which a r i s e s  i n v o l v e s  t h e  i s s u e  of 
e f f e r e n t  s i g n a l s  from t h e  h i g h e r  c e n t e r s  which may d r a m a t i c a l l y  
a l . t c r  t h c  a f f e r e n t  response.  The mechaniem by which e f f e r e n t  
d i s cha rges  a f f e c t  a f f e r e n t  responses  i s ,  as o f  y e t ,  unknown. 
Whatever t h a t  mechanism, i f  t h e  t r a n s f o r m a t i o n  o f  t h e  
a f f c r c n t  s i g n a l  has  a unique i n v e r s e  t h e n  t h e  p o i n t  o f  view 
taken  i n  t h i s  r e s e a r c h  i s  t h a t  t h e t o t a l  i n f o r m a t i o n  a v a i l a b l e  
t o  t h e h i g h e r  c e n t e r s  concern ing  t h e  dynamic o r i e n t a t i o n  
of t h e  head i s  unchanged s i n c e  t h e  h i g h e r  c e n t e r s  i n i t i a t e d  
t h e  e f f e r e n t  s i g n a l a n d  a r e  aware o f  i t s  e f f e c t  on t h e  
a f f e r e n t  response.  S ince  t h e  goal  o f  t h i s  r e s e a r c h  i s  t o '  
develop n model o f  t h e  a v a i l a b l e  a f f e r e n t  v e s t i b u l a r  informa- 
t i o n  and i t s  subsequcnt  op t ima l  p r o c e s s i n g  by t h e  h i g h e r  
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c e n t e r s  any i n v e r t i b l e  a l t e r a t i o n  o f  t h e  a f f e r e n t  i n fo rma t ion  
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w i l l  n o t  a f  i e c t  t h e  models p r e d i c t i o n s  and t h e r e f o r e  can  be 
ignored  i n  t h e  development o f  t h e  model. 
F i n a l l y  t h e  problem of a c t i v e  v e r s u s  p a s s i v e  head move- 
ments i s  an i s s u e  which dese rves  a t t e n t i o n .  S i n c e  a n  a c t i v e  
movement of  t h e  head i s  i n i t i a t e d  by t h e  h i g h e r  c e n t e r s ,  
t h e  r e s u l t a n t  motion ( t o  t h e  e x t e n t  t h a t  i t  can be p r e d i c t e d  
open loop  by t h e  h i g h e r  c e n t e r s ) .  is a v a i l a b l e  as - a p e i o r i  
knowledge. The re fo re  t h e  e q u i v a l e n t  i n f o r m a t i o n  a v a i l a b l e  
from t h e  p e r i p h e r a l  s e n s o r s  i s  redundant  and adds no th ing  
t o  t h e  - a p r i o r i  knowledge a v a i l a b l e  t o  t h e  h i g h e r  c e n t e r s .  
Since t h e  open loop  e s t i m a t e  of  head motion i s  bound t o  
c o n t a i n  some e r r o r s  t h e  a f f e r e n t  response from t h e  p e r i p h e r a l  
s e n s o r s  should  b e  used t o  check t h e s e  a p r i o r i  e s t i m a t e s .  One 
- 
way t o  accomplish t h i s  i s  t o  t a k e  t h e  d i f f e r e n c e  between 
tlic cxpc?ctcd senso ry  response (based upon t h e ' o p e n  loop  
c s k i m a t c  of  motion and t h c  i n t e r n a l  model o f  t h e  s enso ry  
dynamics) and t h e  a c t u a l  sensory  response .  Th i s  i s  one i n t e r -  
p r e t a t i o n  o f  t h e  c o r o l l a r y  efferent d i s c h a r g e  o r  " e f f e r e n t  copy." 
Tile r e su l . t i ng  s i g n a l  can  t h e n  b e  p roces sed  t o  e s t i m a t e  t h e  
e r r o r s  a s s o c i a t e d  w i t h  t h e  movement. The models developed 
i n  t h i s  ' t h e s i s  should  t h e r e f o r e  on ly  b e  used i n  a n  e r r o r  
c o r r e c t i n g  mode f c r  motions which a r e  i n i t i a t e d  by t h e  
h i q h c r  c e n t e r s .  
A t l t l i t ~ o n a l  problems s i m i l a r  t o  t h o s e  d e s c r i b e d  above 
a r c  d e a l t  w i t h  i n  a s i m i l a r  f a s h i o n  when they ar i se  i n  t h e  
course  of deve lop ing  t h e  models. 
1 .3 .  T h e s i s  Organ iza t ion  
Chapter  Two summarizes t h e  s t r u c t u r e ,  f u n c t i o n  and 
o r i e n t a t i o n  o f  t h e  s e m i c i r c u l a r  c a n a l s  and t h e  o t o l i t h s .  
Chapter  Three d e r i v e s  a  model o f  t h e  i n f o r m a t i o n  a v a i l a b l e  
a t  t h c  f i r s t  o r d e r  a f f e r e n t  level o f  b o t h  the s e m i c i r c u l a r  
c a n a l  sys tem and t h e  o t o l i t h s .  These models are t h e n  coupled  
w i t h  op t ima l  e s t i m a t o r s  t o  y i e l d  p r e d i c t i o n s  o f  s u b j e c t i v e  
p e r c e p t i o n  f o r  s imple  n o n i n t e r a c t i n g  s t i m u l i .  
Chapte rs  Four,  F i v e ,  and S i x  deve lop  models f o r  t h e  
d e t ~ c t i o n  o f  n e a r  t h r e s h o l d  s t i m u l i .  Chapte r  Four d e s c r i b e s  
an cxper iment  which was conducted t o  de t e rmine  t h e  fundamental  
mechanism unde r ly ing  t h e  t h r e s h o l d  phenomenon. Chapte rs  F ive  
and S i x  i1c:vclop q u a n t i t a t i v e  models f o r  t h e  d e t e c t i o n  proces-  
,:c!3 ~ S S O C I  a t e d  w i t h  r o t a t i o n a l  and t r a n s l a t i o n a l  motions 
r c s p e c t i v c l y  . 
Thc sevcnth  c h a p t c r  i n v e s t i g a t e s  t h e  i l l u s i o n s  o f  s t a t i c  
o r i e n t a t i o n  a s  a  f u n c t i o n  o f  body p o s i t i o n  and t h e  s t r e n g t h  
of t h e  g r a v i t o - i n e r t i a l  f i e l d .  A s imple  mechanism i s  pro- 
posed which a c c u r a t e l y  p r e d i c t s  t h e s e  i l l u s i o n s  and i n d i c a t e s  
t h a t  t h e y  most l i k e l y  have a common o r i g i n .  
The problem of i n t e g r a t i n g  t h e  i n f o r m a t i o n  from both  
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thc sc rn i c i r cu l a r  c a n a l s  and t h e  o t o l i t h s  t o  a r r i v e  a t  a 
s i n g l e  s e t  o f  p r e c e p t u a l  responses  i s  i n v e s t i g a t e d  i n  Ckapker 
Eiqhe.  A mod& o f  s enso ry  i n t e g r a t i o n  is proposed  which can 
bc used  e i t h e r  q u a l i t a t i v e l y  or q u a n t i t a t i v e l y  t o  p r e d i c t  
t h o  s u b j e c t i v e  p e r c e p t i o n s  a s s o c i a t e d  w i t h  i n t e r a c t i n g  
s t l r n u l i .  
Finally, Chapter  Nine summarizes t h e  c o n c l u s i o n s  which 
can be drawn from t h i s  r e s e a r c h  and s u g g e s t s  p o s s i b i l i t i e s  
f o r  f u r t h e r  exper imenta l  and a n a l y t i c a l  i n v e s t i g a t i o n .  
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Chapter  I1 
T H E  HU'WN V E S T I B U L A R  S Y S T E M  
The purpose o f  t h i s  c h a p t e r  i s  t o  i n t r o d u c e  t h e  r e a d e r  
who i s  u n f a n i l i a r  w i t h  t h e  v e s t i b u l a r  s e n s o r s  t o  t h e  
b a s i c  s t r u c t u r a l  o r g a n i z a t i o n  and p h y s i o l o g i c  f u n c t i o n  
of t h e s e  organs.  A more in -dep th  i n t r o d u c t i o n  i S  a v a i l a b l e  
i n  r e f e r e n c e s  9,61 and 80 .  
2 . 1 .  Semic i r cu l a r  Canal System 
The s e m i c i r c u l a r  c a n a l s  a r e  t h e  pr imary nonv i sua l  s e n s o r s  
o f  r o t a t i o n a l  motion w i t h  r e s p e c t  t o  i n e r t i a l .  space .  They 
c o n s i s t  of t h r e e  approxircately c i r c u l a r  t o r o i d a l  c a n a l s  
whose axes form a  r o ~ ~ g h l y  o r t h o y o n a l  set. ::ne iaembranous 
cana l s  a r e  suspended i n  a f l u i d  (per i lymph)  i n  t h e  temporal  
honc o f  t h c  s k u l l  a d j a c e n t  t o  t h e  a u d i t o r y  p o r t i o n  of t h e  
n r  a .  F igu re  2 . 1  i l l u s t r a t e s  t h e  e n t i r e  i n n e r  ear ( i n -  
c lud iny  v e s t i b u l a r  and a u d i t o r y  p o r t i o n s )  an4 F igu re  2 . 2  
i n d j r a t c s  t h e  o r i e n t a t i o n  o f  t h e  c a n a l s  r e l a t i v e  t o  t h e  head.  
'The - ,cmicircdlar  cana1.s a r e  f i l l e d  w i t h  a  w a t e r - l i k e  f l u i d  
called cndolymph which, due t o  i t s  i n e r t i a ,  t e n d s  t o  l a g  
behind t h e  motion of t h c  c a n a l  w a l l s  when t h e  head undergoes 
a ~ ~ q u l a r  ; ~ c c c l c r a t i o n .  When t h e  endolymph moves r e l a t i v e  t o  t h e  
cana l  i t  t cnds  t o  d i s p l a c e  t h e  cupula  which o b s t r u c t s  an  
cxpandcd s e c t l o n  of t h e  c a n a l  c a l l e d  che ampul la .  T h i s  d i s -  
pl,~+c.n~e!?t of the cupula  is d s t c c t e u  by senso ry  h a i r  cel ls  a t  
t . 1 ~  udsc of tile cupula  which i n  t u r n  produce a change i n  
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t h c  i i r i n q  f requency of t h e  f i r s t  o r d e r  a f f e r e n t 6  which 
p r o v i d e  i n f o r m a t i o n  t o  t h e  c e n t r a l  nervous  system, F i g u r e  2 - 3  
i l l u s t r a t e s  t h i s  p roces s  :or t h e  h o r i z o n t a l  c a n a l .  A l l  of  
t n c  h d i r  c e l l s  r l s soc ia ted  wi th  a  p a r t i c u l a r  c a n a l  have t h e  
same ~ r o l a r i z a t i o n ,  i - e . ,  d~splacernc?nt  of t h e  cupula  due 
t o  endolymph flow i n  one d i r e c t i o n  w i l l  e i t h e r  e x c i t e  a l l  
o f  t h c  scnsory  h a i r  cells o r  i n h i b i t  them a l l .  
S ince  t h e  c a n a l s  on t h e  r i g h t  s i d e  a r e  e s s e n t i a l l y  
cop lana r  w i t h  t h e  c a n a l s  on t h e  l e f t  s i d e  t h e y  a r e  p a i r w i s e  
s e n s i t i v e  t o  a n g u l a r  a c c e l e r a t i o n s  above t h e  same axes .  
I n v e s t i g a t i o l ~  o f  t h e  a f f e r e n t r e s p o n s e s o f  t h e s e  s e n s o r s  
i n d i c a t e s  t h a t  a p a i r  of  c a n a l s  which are s e n s i t i v e  t o  a c c e l e r -  
ation abou t  t h e  same a x i s  (e .g .  t h e  r i g h t  p o s t e r i o r  c a n a l  and 
t h e  1 ~ i t  s u p e r i o r  c a n a l )  have o p p o s i t e  s e n s i t i v i t i e s  (see 
I.'i1.l11rr? 2 . 2 8 )  , s o  i. t is presumed t h a t  the h i g h e r  c e n t e r s  
r-os])c~n(I t o  the? d i  Cfcrcnctt o f  t h e i r  r e sponses .  The d e t a i  led 
dynamic response  o f  t h e  a f f e r e n t  f i r i n g  of  t h e  s e m i c f r e u l a r  
c a n ~ l l ?  t o  an angu la r  a c c e l e r a t i o n  of t h e  head i s  d i s c u s s e d  
i n  s e c t i o n  3.1. 
2 . 2 .  O to l - i t h  System 
- 
In  a d d i t i o n  t o  t h e  s e m i c i r c u l a r  c a n a l s ,  t h e  nonaudi tory  
p o r t i o n  o f  e a c h  i n n e r  e a r  c o n t a i n s  two o t o l i t h  o rgans  which 
art! sensitive to  chanqcs i n  the g r a v i t o i n e r t i a l  r e a c t i o n  f o r c e  
irc:ferrcti t o  h c r e  a s  s p e c i f i c  f o r c e ) .  . The approximate 
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loc;jt.ion of- tnc:h of  t h e s e  o rgans ,  known a s  t h e  u t r i c u l a r  
o t o l i t h  and t h e  s a c c u l a r  o t o l i t h ,  is shown i n  F i g u r e  2.1. 
Each o t o l i t h  o rgan  c o n t a i n s  a g e l a t i n o u s  l a y e r  i n t e r s p e r s e d  
wi . th  ca lc iun l  ca rbona tc  crysta1.s  and suppor t ed  by a l a r g e  
number of s e n s o r y  h a i r  c e l l s .  S ince  t h e  ca lc ium c a r b o n a t e  
c r y s t a l s  (known as  o tocon ia )  have a  h i g h e r  s p e c i f i c  g r a v i t y  
than t h e  s u r r o u n d i : n g f l u i d  (endokympll) an a p p r o p r i a t e  
a c c l e r a t i o n  o f  t h e  head w i l l  t e n d  t o  s h i f t  t h e  
o t o c o n i z  r s ~ a t i v e  t o  t h e  bed o f  s e n s o r y  c e l l s  (known a s  
the ~ i l a c u l a ) .  When t h i s  s h i f t i n g  motion o c c u r s  t h e  s enso ry  
h'airs a r e  b e n t  and t h e  a f f c r e n t  f i b e r s  which i n n e r v i a t e  t h e s e  
ha:i.r c e l l s  change t h e i r  f i r i n g  rate.  F i g u r e  2,4 i l l u s t r a t e s  
t h e  b a s i c  s t r u c t u r e  of t h e  o t o l i t h s .  
Motion o f  t h e  o t o c o n i a  p a r a l l e l  t o  t h e  bed of s enso ry  
hair:; ( i n  F igu re  2 . 4 :  motj.on r i g h t  and l e f t  o r  i n t o  and o u t  
of thc page)  i s  normal ly  assumed t o  be t h e  e f f e c t i v e  agen t  
i n  e l i c i t i n g  a change i n  a f f c r e n t  f i r i n g .  The u t r i c l e s  a r e  
o r i c n t c d  such t h a t  t h c  major p l ane  o f  t h e i r  s e n s i t i v i t y  i s  
p a r a l l e l  t o  t h e  p l ane  o f  thic n o r i z o n t a l  s e m i c i r c u l a r  c a n a l s ,  
Thc s a c c u l a r  o rgans  a r e  o r i e n t e d  s o  t h a t  t h e i r  p l a n e  o f  
sensitivity i s  pc rpend icu la r  t o  t i c  h o r i z o n t a l  c a n a l s  (and 
r h c r e f o r e  t h e  u t r i c l e s )  and roughly p a r a l l e l  ro t h e  
rncdian p l a n e .  F igu re  2 . 5  i l l ~ s ~ r a t e s  t h e  approximate  o r i e n t a -  
. .
t i o c  of thc o t o l i t h  o rgans .  Unlike t h e  s e m i c i r c u l a r  c a n a l s ,  
h a i r  cel ls  i n  t h s  o t o i i t h  o rqans  do n o t  a l l  have t h e  
SENSOHY \OTOCONIA 
AFFERENT NERVE 
FIBERS 
Figure 2.4 Cross Section of Otolith Organ 
Figure 2.5 Orfentation of O t o l i t h  Organs 
3 1 
:;smc directional p o l a r i z a t i o n .  F igu re  2.6 i i l u s t r a k e s  
t h c  g e n e r a l  morphological  d i s t r i b u t i o n  o f  h a i r  c e l l  polari-  
z a t i o n s  f o r  t h e  u t r i c l e  and s a c c u l e .  The d i r e c t i o n a l  
d i s t r i b u t i o n  o f  p o l a r i z a t i o n s  i n  t h e  u t r i c l e  i s  r easonab ly  
unlform and t h u s  t h e  u t r i c u l ; r r  o t o l i t h  can be cons idered  
approximately e q u a l l y  s e n s i t i v e  t o  s h e a r  f o r c e s  i n  any 
d i r e c t i o n  i n  t h e  u t r i c u l a r  p l a n e .  The d i s t r i b u t i o n  o f  
p o l a r i z a t i o n s  i n  t h e  s a c c u l e  is  much more r e s t r i c t e d ,  w i t h  
t h e  major a x i s  of  s e n s i t i v i t y  roughly p e r p e n d i c u l a r  t o  
t h c  u t r i c u l a r  p l ane .  The re fo re  t h e  s a c c u l e  can  b e  cons ide red  
a s  a n  acce l e rome te r  s e n s i t i v e  t o  changes i n  t h e  s p e c i f i c  f o r c e  
pc rpcnd icu la r  t o  t h e  average  p l a n e  o f  t h e  utricles.  
The  d e t a i l e d  dynamic response  o f  t h e  o t o l i t h  a f f e r e n t s  
i s  u i scussed  i n  s e c t i o n  3 . 2 .  
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Chapter I11 
MODELLING OF FIRST ORDER AFFERENTS AND RESPONSE TO 
PIONINTERACTING .SUPRATIIBESbiOLD STIMULI 
- -
The purpose of this chapter is to develop models Of the 
sensory information avdilable at the first order afferent 
level for both the semicircular aanal and the otolith systems. 
The resulting models will serve as the informational link be- 
tween the true motion with respect to inertial space and 
higher processing centers in the brain. Since we take the 
view that the higher centers have most likely evolved as op- 
timal or near optimal processors of this information, a 
specification of tne relevant seDsory dynamics plays a major 
role in determining the overali dynamics of the subjective 
response to vestibular stimulation. Once the first order 
afferent response is modelledfor each of the vestibular sen- 
sors and these models are coupled with reasonable models of 
process noise (which represent the a priori information con- 
cerning the statistical nature of the expected input) and 
measurement noise, then the optimal processor can be formu- 
lated and predictions made concerning the subjective response 
to noainteracting suprathreshold stimuli. The phrase "non- 
interacting sugratlircshold stimuli" refers to any supra- 
zhrcshold stimuli which involves no change in the orientation 
of t h e  s u b j e c t  w i t h  r e s p e c t  t o  t h e  g r a v i t a t i o n a l  v e r t i c a l  
and f o r  which t h e  ~ u b j e c t  is consc ious ly  aware t h a t  no such 
change w i l l  t a k e  p i a c e .  Gene ra l ly ,  this means r o t a t i o n s  
which a r e  performed about  an  a x i s  p a r a l l e l  t o  t h e  l o c a l  g 
v e c t o r  and a c c e i e r a t i o n s  which a r e  performed i n  a  d e v i c e  
which t h e  s u b j e c t  knows is ir .capable of r o t a t i o n s  o u t  of  
the  v e r t i c a l .  The r ea sons  for t h e s e  P i m i t a t i o n s  w i l l  be- 
come c l e a r  when s t i m ~ l i  riot meetang this d e s c r i p t i o n  a r e  
cons ide rea  i n  Chapter  E igh t .  
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3.1 Semic i r cu l a r  Canals  
The s p e c i f i c a t i o n  o f  a f f e r e n t  dynamics f o r  t h e  s emic i r -  
c u l a r  canal system is  d i v i s i b l e  i n t o  s e v e r a l  p a r t s .  The 
f i r s t  i nvo lves  a model l ing of t h e  mechanical  movement of  t h e  
cupula  w i t h i n  t h e  ampullary lumen. The second p a r t  of t h e  
s p e c i f i c a t i o n  concerns  i t s e l f  w i t h  how t h i s  mechanical  move- 
ment is r e f l e c t e d  i n  t h e  n e u r a l  f i r i n g  r a t e  i n  t h e  f i r s t  
a f f e r e n t  nerve.  F i n a l l y ,  an assessment  must b e  made of t h a t  
p o r t i o n  of t h e  a f f e r e n t  s i g n a l  which i s  found t o  be indepen- 
d e n t  of t h e  s t i m u l u s  i n p u t  and which t h e r e f o r e  i s  cons ide red  
t o  be measurement n o i s e  i n  t h 6  c o n t e x t  of t h i s  model l ing  
e f f o r t .  
3 .1 .1  Dynamic Response o f  Cupula 
The s t r u c t u r e  and fundamental  mechanical  o p e r a t i o n  of . 
the s e m i c i r c u l a r  c a n a l  i s  d e s c r i b e d  i n  s e c t i o n  2 . 1  and i l l u s -  
t r a t e d  i n  F i g u r e  2 . 3 .  Two f o r c e s  a c t  t o  a c c e l e r a t e  t h e  endo- 
lymphatic f l u i d  (which f i l l s  t h e  c a n a l s )  w i t h  r e s p e c t  t o  
i n e r t i a l  space .  The f i r s t  o f  t h e s e  i s  a v i s c o u s  d ray  which 
is p r o p o r t i o n a l  t o  t h e  rate of x,ovement o f  t h e  f l u i d  w i t h  
respect t o  t h e  w a l l s  of rhe c a n a l .  The second i s  presumed 
to be a l i n e a r  e l a s t i c  r e s t o r i n g  f o r c e  which arises from t h e  
s p r i n g - l i k e  tendency of t h e  cupc ia  and/or t h e  membranous 
c a n a i  t o  ma in t a in  i t s  r e s t i n g  p o s i t i o n  o r  shape .  
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If it is assumed that for normal physiologic motions 
no endolymphatic fluid is allowed to leak between the cupula 
and the inner wall of the ampulla, then tie amount of move- 
ment of the cupula is proportional to the angular motion of 
the fluid with respect to the canal walls. This assumption 
scems to be warranted on the basis of observations by 
Steinhausen (Ref. 66 ) and injection micrographs performed 
by Groen, Lowenstein and Vendrik (Ref. 32 . Using this 
assumption, the motj.on of the endolymph relative to the canal 
can be expressed as follows: 
.. .. 
M(Oec + Oci) = -vbe, - KOec ( 3 . 1 )  
where Oec = angular deflection of the endoLymph with re- 
spect to the canal - 
Oci = angular position of the canal with respect to 
inertial space about an axis normal to the 
plane of the canal 
M = moment of inertia of the endolymph 
V = coeificient of viscous drag 
K = coefficient of linear restoring force due to 
displacement of the fluid within the canal. 
Equatior, 3.1 is referred to as the torsion pendulum 
model and was first developed (using different conventions9 
by Steinhausen (Ref. 67 3 after: observing rhe motion of the 
cupula in the pike. The equation is arranged to illustrate 
, . 
that the acceleration of the endolymph with respect to the 
.. .. 
,ihertial space loec + Oci) is due to the sun of a viscous 
drag force (-vdeC) and an elastic restoring force (-KOec) . 
Equation 3.1 is time invariant and can be Laplace transformed 
to yield the followiag transfer function relating endolymph 
displacement to acceleration of the canal (aci (5) ) : 
Available evidence indicates that the system is over- 
K v damped and - < <  H. Therefore equation 3.2 can be approxi- v 
mated by 
Fa The short time constant, .cs P v, can be calculated from 
hydrodynamic considerations if the Navier Stokes equations 
for the canal/cupula system can be solved. Steer (Ref. 65  ) 
solved these equations for a somewhat simplified situation 
and concluded that to first order the short time con- 
stant shouid be proportional to the endolymph density, the 
sqKarc of rhe canal's minor radius and inversely proportional 
;o the endoi;~:~>,ph viscosicy. Using the results of Igarashi 
.;> .-, ; 
, 3 j Zcr the ~droidal radi.us yields an estimate of 
:j..005 seconds for the short time constant in man. 
The long time constant, \ = Et has been estimated at 
approximately 10 seconds using subjective responses (Ref. 68 ) 
and approximately 16 seconds using nystagmus aceeorda (Ref, 33 ) 
following step changes in angular velocity, Cafcu1ations of 
using the audiogyral illusion (Mayae, Raf. 49  ) yield 
values from 8 to 11 seconds. Thg difference between these 
estimates may be presumed to be due to adsptative processes 
which are more active in the subjective pathways %hark in those 
associated with nystagmus (Ref. 78 ) ,  The adapkatisn dynamics 
will be discussed in the next sections but the impoxtant 
point to note here is that neither the subjective reports 
nor nystagmus are merely a consequence of the mechanical 
movement of the cupu:~a described by the torsion penduPum 
moael. Therefore any estimate of the long time constant for 
tile torsion pendulum model which depends ow subjective 
responses must also include the possible effect of nsazal. 
processing. If the presumption were made that no neural 
processing takes place in ttie veatibuBer-ocular pathway and 
thus that vestibular nystagmus correctly reflects eupular 
motion, then we would set the long time constant at approx- 
imately i6 sezoilds. ?n fact, nystagmus slow phase velocity 
reco-2s taken from suojects exposed to steps in angular 
-cccleration do seem to show weak adaptation (Young and Oman 
ef. 62 , Maicslm anci Jones Ref. 48 ) and thus l6 seconds 
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might bc considered a lowcr bound. Schmid, Stefanelli and 
Mire (Ref. 62 ) calculated the value of $, by fitting a 
model for the vestibular-ocular dynamics which included an 
adaptation term of the form ~ ~ s / ( ~ s  9 1) to nystagrnus records 
and found the best fit when 5 = 61.1 seconds and = 18.2 
seconds. Based on this work and its agreement with pre- 
viously cited works, we have chosen a value of = 18 seconds 
as a good estimate. 
Up to this point, the description of cupular motion has 
been purposely kept vague. It is clear that if the endolymph 
moves within a rigid canal, is incompressible, and no leakage 
occurs around the cupula, then the cupula must move in such 
a way as to sweep out a volume equal to the net volumetric 
displacement of the endolymph. The classical description 
of this movement is that of a swinging motion in which the 
cupula slides freely against the ampula wall and bends near 
its base at the crista. This description was supported by 
Dohlman's experiments in.which the cupula stained with china 
ink, was observed while pressure was applied unilaterally 
to the fluid and then released (Ref. 23 ) .  While this 
procedure might indicate that such motion of the cupula is 
possible under application of the pressures employed in this 
experiment, it can not be inferred that such motions occur 
durir.g normal physiologic movement of the nehd. Steady state 
pressure differences across %he cupula have been estimated 
4 0 
by Oman and Young (Ref. 59 ) to range from 
2 
1-25 x dyne/cm2 at threshold (,18/sec 1 to approximately 
3.8 k dyne/cm2 for steps of 30"/scc2, Using a short 
time constant of 0.005 seconds and a long time constant of 
20 seconds and presuming a rigid body rotation of the cupula 
about the crista, they calculated a steady stake deflection 
2 
of 0.025 degree for a sustained et$mu%us of 3Q0/sec . It 
is clear from these calculations, even if they are only 
correct within an order of magnitude that the cupula motion 
observed by Dohlman must have resulted from distinctly non- 
physiological pressures. Oman and Young concluded on the 
basis of these results that the cupuls might move angularly, 
iineraly, or both. It should be noted that a 1ine.a~ move- 
ment of the cupula would give superior sensitivity since 
for a given displacement, it would be more effective in 
~cnding the sensory hair cells* 
In suiImi;ry we can conclude that the displacement or 
bcnding of the sensory hair ceils, which is the effective 
agent for iliiciting a change in afferent firing rate, should 
be related to angular acceleration of the head as follows 
iiair cell deflection = -c( (s) 1 ( 3 . 4 )  Z 1  i~st': i 3"": 
whcrc - 
's - 0.005 sec 
T = 18 sec E 
&.I& Z - l  indicites the inverse Lapiace Transform 
Operator, 
A proportional rrlatlonsnip is sufficient for our 
purposes at this point, since the overall gain from head 
acceleration to firi~~g rate can best be estimated from 
records of afferent firing which will be discussed in the 
next section. 
3.1.2 Afferent Processing and Random Signai Variations 
The most desirable data upon which a model of afferent 
vestibular responses in humans could be based would, of 
course, be in vlvo recordings in the canals' afferent nerve 
in humans. Since man is not suitable for experimental surgery, 
such data is not and may never be available. There are two 
other sources of data which can be used to make reasonable 
estimates of afferent processes in man. The first of these 
consists of psychophysical data taken from human subjects, 
which of course will include whatever dynamics are present 
in the afferent processing. The second source is recordings 
of peripheral afferents in animals. The sum of data from 
these two sources is not sufficient to argue conclusively 
that a particular dynamic effect is peripheral in man, but 
lf such an effect is seen in human subjective responses and 
rs also prcscnt in the afferent recordings of animals which 
are phylogccically simliar to man, then such a conclusion 
scenls reasonable. 
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An analysis of vestibular nystagmus and reports of sub- 
jective perception of rotation indicate the need for dynamics 
in addition to the torsion pendu;um model to account for rate 
sensitivity and adaptation. The need for rate sensitivity 
shows up principally in cases when there are abrupt chznges 
in the rate of rotation. Nashner iHef.5dr55) in studying 
human postural control, found it necessary to include a small 
lead term (.017s + 1) in the semicircular canal dynamics to 
predict the response times of subjects exposed to large im- 
pulsive stimuli. A behavior consistent with such a rate 
sensitivity was seen by Benson (pef. 6 ) in analyzing nystag- 
mus records for sinusbidai stimuli between 0,01 Hz and 5 Hz. 
A consistent increase in amplitude ratio for vestibular 
nystagmus was unexpectedly observed starting at about 0 - 5  Hz, 
An increase in the amplitude ratio of 3 db is seen at approxi- 
mately 2.6 Hz which would imply a lead term of the form 
(0.06s e 1). 
The phenomenon of adaptation is much more clearly evident 
in subjective responses than is rate sensitivity, Adaptation 
can be thought of as a fatiguing of sensation which occurs in 
addition to that which arises dua to the Bong time constant 
Of the torsio:? pendulum model. As an example, the torsion 
pendulum model predicts a steady state sensakion of constant 
velocity in response to h steid ir. acceieratioil while sub- 
lcctive data (Ref. 14,35 ; ir-cilsa-ies s grariual decline in the 
sensation o f  velocity. For s t ~ c p s  in angular velocity, stib- 
4 3  
jective data and nystagmus data (Ref. 2 j indicate not only 
a diminishing of response to zero (consistent with the torsion 
pendulum model) but also a reversing of the response. Finally, 
as fioted in the previous section attempts to fit the torsion 
pendulum model to the responses from impulsive velocity 
changes yielded different iong time constants for subjective 
arid nystagmus data. Young and Oman (Ref. 82 ) were able to 
account for this behavior by adding an adaptation operator 
of the form 
to the subjective pathway and 
to the nystagmus pathway. The difference in adaptation time 
accounts for the discrepaficy in estimation of the long time 
constant. 
Combining the terms proposed for rate sensitivity and 
adaptation, we conclude that in addition to the torsion 
pendulum model, we should have dynamics of the form 
TR = ,617 seconds (lehd time constant 1 
T~ C-L 30 seconds (subjective aaapti-iti~n tiriic constant) 
To decide i f  it is  reason&le t o  a s c r i b e  these  dynamics 
20 t h e  pe r iphe ra l  a f f e r e n t s ,  w e  must resort to da t a  taken from 
the f i r s t  o rder  a f f e r e n t s  i n  animPs.  bowenstein and Sand 
( ~ e f .  4 3 r  4 4 )  and Groen, Lowenstein and Vendrick (Ref, 32  1 
inade recordings in the ves t i bu l a r  a f f e r e n t  of t he  thornback 
ray. Grocn et. al. made recordings i n  t h e  i s o l a t e d  end organ 
zo prsclude t h e  pos s ib l e  e f f e c t e  of e f f e r e n t  innervat ion ,  
These exper inents  confirmed the  fundamental f e a tu r e s  of t h e  
t o r s i o n  pendulum model, but make no comment regarding addi-  
t i o n a l  rate s e n s i t i v i t y  o r  adapta t ion .  The most thorough 
s'cudy of t h e  ve s t i bu l a r  a f f e r e n t s  i n  a  imam1 were conducted 
by Goldberg and Fernandez (Ref. 27 ) using t h e  s q u i r r e l  monkey. 
i n  these  experiments a thorough evaluat ion  of a f f e r e n t  responses 
t o  constant  angular  a cce l e r a t i ons  and ainusoidaP s t i m u l i  was 
made. The firm conclusion reached was t h a t  s i g n i f i c a n t  r a t e  
s e n s i t i v i t y  and adap ta t ion  was p resen t  i n  a Parge percentage 
of t he  c e l l s  s tudied .  Aftar  el iminat ing  t he  dynamics which 
can be a t t r i b u t e d  t o  t h e  mechanical opera t ion  of t h e  endolymph 
cupula system, Goldberg and Fcrnandez found a f f e r e n t  dynamics 
of exac t ly  t h e  same form as those  given i n  3.5. They found 
t h a t  r R  ranged from ,013 t o  .094 seconds wi th  a  mean value  of 
.049 seconds. 
T~ ranged from about 30 seconds t o  i n f i n i t y  
(no adapta t ion)  wi th  a t y p i c a i  value being 89 seconds. 
I t  i s  c l e a r  from these  r c s u l t s  t h a t  the a t r r i b u t e s  of 
both r a t e  s e n s i t i v i t y  and adapta t ion  are present. i n  t h e  peri- 
pheral  ve s t i bu l a r  neurons a f  t h e  s q u i r r e l  monkey. Sirlce t he se  
e f f e c t s ,  wi th  roughly t h e  same time constants ,  a r e  observed 
i n  human sub j ec t i ve  responses w e  w i l l  a l s o  consider  them t o  be 
present  i n  t h e  a f f e r e n t  processes of t h e  human vest ibtalar  
system. I n  add i t ion  t o  t h e  a f f e r e n t  response which depends 
upon t h e  r o t a t i o n a l  s t imulus  there i s  a spontaneous a f f e r e n t  
discharge and a noise component which i s  e s s e n t i a l l y  indepen- 
dent of t h e  s t i m ~ l ~ s .  Adding t h e s e  terms we a r r i v e  a t  t h e  
model f o r  a f f e r e n t  f i r i n g  rate shown i n  Figure 3.1. A very 
conservat ive  f i g u r e  was ckosen for  t he  r a t e  t i m e  cons tan t  rR 
s ince  i t s  exis tence  i n  sub j ec t i ve  responses is very d i f f i c u l t  
t o  d e t e c t  and because it is poss ib l e  t h a t  t h e  most rate sens i -  
t i v e  c e l l s  would be used mainly f o r  eye s t a b i l i z a t i o n  and con- 
sequently only show up i n  nystagmus records.  
The constants  H and F (see f i g .  3.1) have no t  been de te r -  
mined separa te ly  but  t he  product KF can be ca l cu l a t ed  based on 
t h e  magnitude of t h e  a f f e r e n t  response t o  a con t ro l l ed  s t i m -  
u lus .  Af f e r e n t  da ta  f ron Ref. 27 i nd i ca t e s  t n a t  a t y p i c a l  
r n l t i a l  response t o  a s t e p  i n  ve loc i t y  of 1 deg/sec (approxi- 
maiely .0175 i;ld/sec) is about  .55 impulses/sec. Subs t i t u t i ng  
tne values f o r  t h e  time constants  i n t o  t h e  model and using 
zhe l n i t i a l  value theorem we o b t a i n  a value f o r  ;IF of -6303. 
The s ign of HF can be considered a r b i t r a r y  a s  long as t h e  
pracessing cen t e r s  i n  t h e  b r a in  i n t e r p r e t  the s ign  co r r ec t l y .  
mne value f o r  t h e  spontaneous d ischarge  (SFR) i s  of l i t t l e  
consequence f o r  our purposes s i n c e  it i s  presurca t h a t  t he  
(s f  A£ f e r e n t  
-------sc F i r i n g  Rate  
r ad ( i p s  
. .. - -  
/ ? Adapting I / 
/ / ' Af f e r e n t s  \ 
Dispiacement of  /' ~f f e c t i v e  \,Change i n  Af ferent F i r i n g  
Fmdolymph Displacement Rate Due to Stimulus 
of Kair C e l l s  
B 
al 
w ( s )  = St imulus  ( r ad / sec )  H .  MechamicaP eoupipBingi of endolymph to 
M/K = ETS= .09  s e c  2 e f E e c t i v e  h a i r  cell disp lacement  
F Cons tan t  which relates h a i r  cel l  
= 18 seconds d i sp lacement  to change i n  f i r i n g r a t e  
T~ = .005 seconds SFR Spontaneous f i r i n g  rate of typical 
5 = 30 seeonds afferent cell 890 ips) 
k = -01 seconds 
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highcr c e n t e r s  only process d i f f e r ences  from t h e  r e s t i n g  
l eve l ,  bu t  f o r  completeness w e  w i l l  a s s ign  a value of 90 i p s  
which is  t y p i c a l  of t h e  c e l l s s e e n  by Goldberg and Fernandez. 
- 
Last ly ,  w e  must address t he  problem o f  spec i fy ing  the 
c. 
s l a t j s t i c s  of t h e  a f f e r e n t  noise,  n .  The presumption is made . 
t h a t  n is a s t a t i o n a r y ,  gaussian process wi th  zero mean, No 
information i s  a v a i l a b l e  concerning t h e  au tocor re la t ion  of n ,  
but  t h e  var iance  of n f o r  d i f f e r e n t  a f f e r e n t  c e l l s  has been 
ca lcu la ted .  Goldberg and Fernandez show a histogram f o r  the  
c o e f f i c i e n t  of v a r i a t i o n  (CV) f o r  1 4 2  d i f f e r e n t  cells. The 
CV f o r  a p a r t i c u l a r  u n i t  i s  defined a s  
Z 
where AT = t i m e  i n  msec between impulses 
and ~ { x l  denotes t h e  expected value of x. 
CVs va r ied  from about 0 .03  t o  a s  high as 0.64.  The d i s t r i -  
bution of CVs showed a sharp  peak around CV 0.06 with two 
thirds of t h e  u n i t s  f a i l i n g  bclow CV = 0.25. If the higher  
cer.ccrs w e r e  capable of d i s t ingu i sh ing  between regu la r  and 
i r ceg~3 .a r  wits  then it would be reasonable t o  assume t h a t  a 
,7r..,&.&-e.c (i ' - weign t in j  wouid be placed on u n i t s  wi th  regular  d i s -  
charge p a t t e r n s .  For t h i s  reason, a value of 0.06 w i l l  be* 
used as  t n e  cocf f i c ie r , t  of v a r i a t i o n  t y p i c a l  of t he  most r egu l a r  
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cells found ( =  1/3 of the total populatbow). Uedng this value 
we can calculate what one standard deviation in firing rate 
would be for a typical cell. 
E1/2 2 '06 90, = 5.1 Bps [n (t) 1 = 
+ .06 
Gacek (Ref. 26 ) estimates that there are approximately 
;2,0G0 afferent fibers in the vestibular nerve of the cat. 
jlncc this wouid include the otoiiehs and a l l  three canals 
a figure for one crista of 2400 would be reasonable. The 
cquvalent one channel representation of a 2400 channel system 
zach with independent additive noise sf snagnitudi! 0, would be 
one channel with 
dl2[n2(t) 1 = o / m  6 3 , 8 )  
This reduction in o must be tempered by the following eonsid- 
erations 
1) We chose CV = .06 which was representative of the most 
regular 1/3 of the total cell population and thus the 
value of 2400 should be reduced to approximately 800, 
2) We presumed in the above analysis that the noise on 
each channel was independent of the noise on the other 
channels. Pf the noise were exactly the same on each 
channel then there would be no reduction in effective 
noise at all. What the actual correlation might be 
AS unknown but it is not unreasonable to assume that 
some z~crelation exists (especially if the noise were 
related to random movements of tne cuplala). 
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and f i n a l l y  
3) W e  cannot assume t h a t  t h e  h igher  c e n t e r s  are p e r f e c t  
i n  t h e i r  a b i l i t y  t o  weed ou t  i r r e g u l a r  cel ls  or i n  
t h e i r  a b i l i t y  t o  combine t h e  r e s u l t i n g  r egu l a r  c e l l s  
i n  such a way a s  t o  minimize the e f f e c t i v e  no i se  l e v e l .  
I n  chapter  V t h e  no i s e  l e v e l  necessary t o  y i e l d  75% 
co r r ec t  de tec t ion  fo r  t h e  ca se  of experimental ly determined 
threshold  s t i m u l i  is ca l cu l a t ed  based on a near  opt imal  model 
I 
of t he  de tec t ion  c a p a b i l i t i e s  of t h e  higher  cen te r s .  This 
r e s u l t s  i n  value of ~ ' ' ~ [ n ~ ]  equal  t o  .223 i p s  which i s  
roughly equivalent  t o  520 independent channels each wi th  a 
noise  s tandard devia t ion  o f  5.1 i p s .  I n  l i g h t  of t h e  consid- 
e r a t i o n s  l i s t e d  above t h i s  seems t o  be a reasonable no i s e  
reduct ion capab i l i ty .  
The r e s u l t s  of t h i s  chapter ,  t o  t h i s  po in t ,  can be surn- 
marized by t h e  following model of a f f e r e n t  f i r i n g  i n  response 
eo a r o t a t i o n  stimulus: 
A£ f c r e n t  
-1 (57.3) 300s + SFR + n ( t )  r i g  = ( Rate (18s+1) ( IPS)  ( 3 . 9 )  
W ( S )  = r o t a t i o n a l  r a t e  normal t o  the plane af t h e  
canal  (rad/sec)  . 
SFR = spontaneous f i r i n g  r a t e  ( i p s )  
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3 . 1 , 3  p t i m a l  Processing and Model P red i c t i ons  
Now t h a t  a l i n e a r  model i s  a v a i l a b l e  f o r  khe a f f e r e n t  
f i r i n g  r a t e ,  it i s  r e l a t i v e l y  easy t o  develop a model f o r  khe 
processing done by t h e  higher  centers. ,  An optimal es t imate  
can be formulated f o r  any l i n e a r  combination of t h e  SntemaP 
s t a t e s  o f  t h e  sensory dynamics i f  the  proce:,jsor receives 
pe r iod i c  measurements of t h e  a f f e r e n t  f i r i n g  r a t e  and has a 
knowledge of t h e  sensory dynamics and t h e  s t 8 t i s t i e a l  char- 
a c t e r i s t i c s  of both t h e  measurement no i s e  and t h e  input: pro- 
cess .  SO f a r  w e  have spec i f i ed  models f o r  both t h e  l i n e a r  
dynamics and f o r  t h e  measurement no i se  bu t  w e  have y e t  t o  
model t h e  processorL - a p r i o r i  knowiedge o f  t h e  s t imulus.  
Once t h i s  i s  done t h e  optimal processor  caw be formulated and 
the e n t i r e  system including cupula dynamics, a f f e r e n t  dynamics 
and processing dynamics can be t e s t e d  and i ts  predic t ions  
checked aga in s t  subjective responses.  
It i s  reasonable t o  pos tu l a t e  t h a t  i n  mst  s i t u a t i o n s  
wilere a person is exposed t o  pass ive  motion he has some e s t i -  
mate of t h e  magnitude of t h e  motion which he expects  t o  ex- 
perience and to a lesser degree an i dea  of the motions f re -  
cjaency coneext. One model f o r  t h e  s u b j e c t ' s  s: p r i o r i  irlformation 
- 
which incorpora tes  both of t h e s e  not ions  q u i t e  simply, con- 
sists of a f i r s t  order  f i l t e r  dr iven by wni te  noise .  This 
i s  equ iva len t  t o  modelling the  stl;r,ulus as an exponential ly 
c o r r e l a t e d  process.  The only parameters t o  be specifies 
5 1 
in such a model are the filter's cut off frequency and the 
magnitude of the white noise. Figure 3.2 illustrates the 
higher centers' internal model of the input statistics; which, 
together with a model of the sensory mechanism, describes 
thc afferent firing which the processor samples periodically. 
Jne way to communicate to the mathematics of our model that 
very little is known about the frequency content of the stim- 
ulus is to make T~ small and thus render the bandwidth of 
the in;?ut spectrum very large. With this in mind 5 is set 
to a value less than or equal to one second. Q(t) is typi- 
cally set to a constant such that the expected standard de- 
viation of the input process given by Q/- is essentially 
of the correct magnitude for the actual stimulus being tested. 
Setting 0 to a value which correctly represents the stimulus 
magnitude can be justified both on the grounds that one usu- 
ally has a reasonably correct estimate of the magnitude of 
incipient motions and on the grounds that an approximately 
If Q(%) = Q then 
Ficjure 3.2 Internal Model of the Stimul~s Process 
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correct value for Q could be inferred on line based upon the 
ievel of afferent firing. 
Formulation of the optimal astimate is moat conveniently 
presented if tnc mathematical notation 9s changed from khe 
freque;icy domain (Laplace transform notation) to the time 
comain (state vector notation). The processor's internal 
aoaei of the processes which give gise to the afferent firing 
from the semicircular canals can then be written as follows: 
&(ti = A x(t) 9 B. W(t1 
- - - - 
y (t) = C x (t) t SFR 9 n (t.1 
- - 
where - ~ ( t )  is a state vector which represenks the state 
of the canal-stimulus system at time t ( 4  dim) 
y(t) is the afferent firing rake at tine t (scalar) 
W(t) is the white input process shown in figure 3 . 2  
S F R  is the spontaneous firing rate (90 ips) 
and n(t) is the measurement noise. 
Tae chcica of A, B and C used to represent a given lincar 
- - - 
system is not unlque. Figure 3.3 illustrates the state space 
realization used here. The standard controllable realization 
iiief. 8 ) is used to nodel the mechanical dynamics of tine 
cupulz and the dynamics of the hgir cells. x l  (t) x (k) and  
x ,. ;ti represeat the state of the sensor a'i time t, x (t) is 
J 
c3.5 sti~nulus anqillar velocity in rad/sec. 
r------------' 
------ 
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To simulate the process of perception of rotation on a 
digital computer requires first, the simulation of the sen- 
sor's response y (t) to a given input pkocees w (t) and 
then a simulation ok the processing by the highercenters 0% 
-:(t). After baiancing the need for a simulation with good 
pl 
;;;nsory fidelity and the need for seasonable copn,spx&akiss,al 
ef5iciency it was decided to update %he state  of the sensor 
every tenth of a second and to update the central processor's 
n 
estimate of the rotational rate, w ( t ) ,  every second, The cen- 
tral processor is now faced w i t h  the p?cob%em of estimating 
~ ( t )  = x (t) given the measurement history of the afferent 4 
firing rate y it) , y (t-1) , y (t-2) . . . .y (t-aa) . . . . The minimum 
mean squared error (mnse) estimate of x ( t )  - is given by the 
following sequential f i l t e r  (called a XaBman Filter, Ref. 41 
2 5 , 7 6 ) ,  
- 
where &A (tn tn Is the state transition matrix 
v - 
for the system given in 3.10. 
and - K(tn> are the Xalman gains at time On. 
S i . ~ c e  the sensory dynamics are time ia~variant gdtnptn-l ) 
czn be exA>ressed as $ (t -t ) ar,n can be cdlculated as A n n-1 
follows 
where A - is defined by equation 3.10 and figure 3.3 
The optimal estimate ~(t,) differs from the true state 
~ ( t , , )  by an error g(tn) which is zero mean and has a covari- 
ancc given by: 
T 
P(t ) = E[E,(~~) L (tn)l = (&  - K(tn)C)Z'(t,) - n - (3.13) 
wherc 2' (t,) is the covariance of the processor's know- 
ledge of - x(t ) given all past measurements of the afferent 
n 
firlng y (tn-l) y (tn-2). , . but not y (t,) . g' (tn) is given by 
T-T 
+ ) ~ ~ ( 7 - 1 8  h ( r ) d T  
0 
The Xalman gains K(tn) - are calculated from El (td) as 
follows : 
T 
- 
2 j' 
~ ( t ~ )  = Et(tn)g Qi(t,)G + EIn (tn)l (3.15) 
Although a full exploration of equations 3.11 - 3.15 
cannot be given here, some motivation for the form of equa- 
tions 3.11, 3.14 and 3.15 can be given. 
Equation 2.11 shows that the minimum mean squared error 
[nwtse) estimate of x(tn) is riiade upof two terms. The first 
- 
h 
term &(t,, t ) x (tn_.! ) merely propagates the. optimal estimate n-1 - A 
a t  time t 
n- i  forward in time and represents the state which 
would exist at time tn if the estimate - x(tnyl) were errorless 
and the system had no inputs during the interval (tn-l tn) a 
, 
AlLernat~vely this term can be thought of as the best estimate, 
of - x(tn) based on the measurements y (t,) , y (tnm2) a 
The second term represents the difference between the ex- 
pected afferent signal [E [ iy itn) - SFR) /y itnFl) # .  . . . I  = 
A 
~g,(t.~,t~-~) 5(tnFl) bssed on the old measurements and the new i 
.neasurement of the afferent signal (y itn) - SFR) , This 
second term tilerefore summarizes the reLevant new informa- 
tion from the latest measurement, Mote $hat the afferent 
slgnnl is alwdys measured from the spontaneous firing rate 
(SFR) since SFR is independent of the state %(t,). - With 
thcsc interpretations of the terms in equation 3.11 the 
Kalman gains K(in) - can be interpreted as the weighting factors 
whicn indicate the relative importance or usefulness of the 
new information as compared to the old information in estimat- 
ing the state vector at time en. 
P0(tn) given by 3.14 represents the error covariance of 
- 
an cstimate of ~(t,) based only upon measurements taken before 
timo L The term 9A (tn - T n' tn-l)P (tnml) ?W(tn-tn-l ) represents 
the covariance of the estimatc error 5' (tn) = x(tn) - - 
A 
S(tn,tn-l));(t,l--l) due to the error C(tn-l) = ~(t,_,) - - - 
A 
x (t,l-l) propagated forward in time. The integral term sep- 
.- 
resents tlle covariance of z8(tn) arising from the unknown 
stimulus auring the interval (tn-l tnP. 
s 
Roughly speaking equation 3.15 can be looked upon as the 
r ~ ~ i o  of the variance of the old information divided by the 
sum of the variance of the old information plus the variance 
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of the ncw information. Note that the leading term is not 
quadratic in C - since the term which KCtn) - multiplies in 
equation 3.11 is already linear in C, - Thus - K(tn) increases 
2 if Ein (tn)l decreases and therefore weighs more heavily a 
measurement with a smaller noise component. Alternatively 
Ktt,) decreases if P' (tn) decreases since this indicates that 
.- 
the accumulated old information is relatively more useful 
than the now information gained from y(tn). 
Implementation of equations 3.11-3.15 is relatively 
simple once it is recognized that most of the expressions can 
be calculated in advance. For the simulations carried out 
here measurements of the afferent firing rate are made avail- 
able once every second which implies that T = tn - tn-l = 1 
second. Equation 3.12 is used to calculate Q A ( ~ =  1) and the 
result ( a 4 X 4 matrix of constants) is stored for future 
calculations. The integral term in equation 3.14 (call it 
I''(t,,)) is also a 4 X 4 matrix of constants which can be calcu- 
l a k d  if Q ( T) is known (see Figure 3.2) . 
To start the simulation one must have an initial state 
A 
estimate x(t - ) and an associated error covariance for that 
0 
est~mate, P(to). Between time to and the first measurement 
of afferent firing at time t the processor computer P_'(tl) 1 
from ( d , Y(to) and PI (tl) and then tne Kalinan gains K (t ) 
- 1 
from P1(ti), - C - and the variance of the measurement noise 
2 E[n (tl)l. Since we have only one measurement the inversion 
implies simple division. Once the measurement y(tl) is avail- 
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able equation 3.11 can be used to calculate the new estimate 
h 
x(t ) and equation 3,13 can be used to calculate the associated 
- 1 
error covariance g(tl). While waiting fort the measurement 
y(t2) the processor repeats the above steps calculating ? I  - (t2) 
hnd - K(tZ), etc. 
In a redl time application in which the measurement noise 
2 
variancc E [n (t,) and input power Q ( r )  are known in advance 
it is possible to precalculate - B s  itn) , K(tn) - and - P (tn) for 
all future times tn, since they are independent of the measure- 
ment y(tn). For systems which are asymptotically stable and 
for which the measurement noise n (t,) and input power 8 ( -r) = Q 
are time invariant El' (tn), K (t ) and P (tn$ approach constant 
- n - 
values (denoted gQm, K-, and P-40:. In such a wise equation 3.11 
becomes time invariant (upon substituting for K(tn)) - and 
represents the state space version of the Weiner Filter 
(~ci.G0, 73) . 
Appendix I lists the calculdted values for the transition 
matrices, Kalman gains, etc., which pertain to the simulation 
of perception using afferent information from the semicircular 
canal system. 
To test this model of suprathreshold vestibular percep- 
tion a step in angular acceleration of la5~/sec2 was simulated, 
The stimulus was on for 120 seconds and then off for 120 sec- 
onds le&ving a constant rotational velocity of 180 degrees/ 
second, Thc response of the model (si-,own in Figure 3.4) peaks 
approximately 2 3  seconds after the onset of the stimulus and 
decreases to iess than 10% of the peak response after two 
Perceived Ro ta t ion  ( r ad / sec )  
C-- Stimulus  
, , 
01 
-- --- 
w 
--3r--"-' 0 0 1 0 180 21 0 
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minutes. When the acceleration ceases the predicted percep- 
ti011 quickly changes sign with a secondary peak occuring 28 
seconds after the ~tirtulus is removed, 
Clark aria Stewart (Ref. 14 ) and Guedry and Lalaver (Ref. 
35 ) have conducted experiments to determine the subjective 
* 
_....-. 
' 2  
response for acceleration steps of 1.5O/see . Although the 
data from these two experiments agree in a qualitative way, 
there are significant quantitative differences between them. 
Clark and Stewart show a peak response which occurs at approxi- 
mately 35 seconds with essentially no response at 120 seconds 
after onset. After the acceleration is removed (at 120 seconds) 
a reversed response with essentially the same time course but 
diminished in magnitude is reported, It should be noted that 
a linear model will not predict a reduced secondary response 
if the original response has stabilized at zero. 
Data from Guedry and Lauver show a peak response at about 
25 seconds and an adaptation time constant of approximately 
30 seconds (see ref. 35 ) .  one interesting aspect of tnis 
data is that it indicates an initial rate of change of sub- 
jective velocity equal to approximately 2.9 (degrees/second): 
second.' This is almost twice tnc true rate of change and 
would ijnpiy that the initial response to a step in angular 
velocity would also be twice the crue rate. 
The zcsponse predicted by the model reaches an initial 
peal< at 2 7  seconds (consistent with Guedry and Lauver), ap- 
proaches a negligible response at 120 seconds (consistent 
w i t 1 1  both sets of data), has a roughly sy;rrmetrical response 
aftcr tnc step in acceleration is removed (dictated by its 
linearity) and has a gain which yields an initial perception 
of angular velocity consistent with the true stimulus magni- 
tude. 
In addition to the model's ability to predict subjective 
sensation for rotations about dn earth vertical axis, it has 
a degree of flexibility not found in earlier models. Since 
all of the dynamic characteristics observed in human subjec- 
tive responses are also observed in the afferent recordings 
made in animals tile model assigned these characteristics to 
the human afferent. Consequently it was necessary to postu- 
late a hlgh bandwidth stimulus process so that the optimal 
filter would not contri~ute significantly to the overall dy- 
namics of tne subjective response. If it were discovered that 
the afferent dynamics in man were significantly different 
than tnc dynamics observed in man's subjective responses thcn 
t h e  optimal estimator model for the higher centers might con- 
tr~bute to an explanation for the discrepancy. One example 
o f  sensory processing whlch contributes significantly to the 
overall clynamics of perception is the processing of afferent 
slynals 1-rom the otolltns which is described in the remaining 
sccL.ions of t n l s  chapter. 
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3.2 Otolith System 
Specification of the afferent dynamics for the otolith 
sensors differs in one fundamental respect from that of the 
semicircular canal system. In the case of the semicircular 
canals, definative data was available %or the response of 
mamrnilian afferents to dynamic stimulation while no similar 
data is presently available for the otoliths. In this sec- 
tion the afferent response of the otolith sensors will be 
inferred from the.following information 
(1) The general mechanical structure of the otoliths 
(2) The data available on the static response of the 
otoliths to a constant sheer force 
(3) The limited afferent data available for dynamic 
stimulation plus some qualitative comments re- 
garding the nature of the afferent response seen 
in the squirrel monkey by Dr. Goldberg (personal 
communication) 
and ( 4 )  Tne known subjective response to accelerations from 
human subjects 
coupled with tile presumption that the higher centers process 
t r e  zffercnt data optimally to yield a perception of specific 
force. Specific force is defined to be q - a where g is the 
- 
local gravitational force vector, and a is the acceleration 
- 
of the body with respect to inertial gpace. Stated differ- 
ently, specific force is the gravitoinertial reaction force 
per unit mass. 
3.2.1 Division -- of Afferent Response ahd Higher Order Pro- 
cessinp 
The basic mechanical structure of the otolith sensor can 
be modeled as a mass (the otolithic membrane) immersed in a 
fluid (endolymph) and restrained by the spring-like action of 
its mechanical restraints. Movement of the Otoconia which 
is presumd to be proportional to haircell displacement can 
thus be described as follows: 
.. 
Mx(t) = -Kx(t) - ~;(t) + M SF(t) (3.16) 
where x(t) is the displacement of the otoconia from 
their resting position 
M is the mass excess of the otpconia over an 
equal volurnc of endolymph 
K is the effective spring constant of the s y s -  
tem per unit displacement of the otoconia 
V is the coefficient of mechanical and viscous 
losses due to movement of the otoconia 
and SF is the specific force acting on the otoconia 
parallel to the plane of the macula. 
Using Laplace transcorm notation we can solve for the 
transfer iucction relating otolith displacement to specific 
force: 
An order of magnitude estimate can be made for the nat- 
ural frequency u = based upon estimates of the displace- 
ment of the otolith Organ under the influence of a lg shear 
forcc (the following procedure for estimating wn is due to 
Young Ref. 83 and through personal communication with C. Oman) 
Applying the final value theorem to equation 3,17 with 
1 SF(s) = 8 we find that the steady state displ'acement of the 
3 2 otolith oryan for a lg (10 cm/sec ) stimulus is 
M 3 
x ( m )  = - 10 cm R (3.18) 
Two rough estimates can be made for this displacement, The 
f irs t  results from assuming that the sensitivity of otolith 
hair cells is approximately the same as that for the semicir- 
cular canals and thus the displacement of the otoconia must 
be approximately the same at threshold as the threshold dis- 
placement calculated for the cupula. Oman (Ref. 58 ) calcu- 
latcd the thrcsi~old displacement of the midpoint of the cupula 
to be approximately 10-'cm. If this were the displacement of 
the otoconia at threshold (approximately -005 g )  then a lg 
stimulus should produce a displacement of xbm) = 2 x 10-~cm. 
Using this figure in equation 3.18 yields a value of 2 x 10 - 7 
M for ana thus o = h n - 2240 rad/ssc. The second estimate 
for x ( m 1  is given by devries (Ref. 20 ) based upon X-rays of 
the ruff sacculus. He found a steady state dispiacement of 
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x(m) = 7 x 1om3cm for a lg stimulus. This value for x(m) 
results in an estimate of Wn = 374 rad/sec, 
Although these estimates differ by a factor of six they 
both confirm that the natural frequency of the sensor should 
be at lfast an order of magnitude above the highest frequency 
normally associated with vestibular stimuli. With this estab- 
lished we can now demonstrate that the transferfunction in 
equation 3.17 can be represented as either a pure gain or at 
most a simple lag over the frequency range of interest, 
W 
W V O ,  - n ) .  
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Figure53.5A and B show the Bode amplitude ratio plots 
and phase angle plots respectively for equation 3.17 for dif- 
ferent damping rations e; = V/ (2m) - < 1.0 If 5 2 1 then it 
is clear that for frequencies less thanwn/lC the system can 
be approximated by a gain. If 5 > 1 then the denominator of 
equation 3.17 has two real roots s1 and s2 which satisfy sls2 = 
a which implies that one root must have a value greater than 
n 
w dnd one root a value less than an. n It is only the one root 
with a value less than wn which could significantly affect the 
frequency response of the system for a < wn/lO. Thus for 
d c  (O,'n), - which should include all of the normal physiologic 
10 
motions, we can approximate the mechanical dynamics of t k  
ocolrth organ by: 
- 
t t u r a l  Frequency 
5 = Damping Ratio 
F i g u r e  3 . 5  Ampl i tude  and P h a s e  Plots for 
Second Order Systems 
and A = if 5 < l  
Thc transfer dynamics from otolith displacement to 
afferent firing must now be considered, Vidal et a1 (Ref. 70 ) 
in cxperimcnts with cats found a unidirectional rate sensi- 
tivity of thc form 
Firing ratf! = G[O(t) + ~6(t)l (3.20) 
where K = 0 B(t1 - < 0 
K > O  b(t) > 0 
and O(t) is the tilt angle 
This response nonlinearity can be removed if it is assumed 
that perception is a function of the difference in firing rates 
from cells with oppos.ing gains. Such an assumption is reason- 
able based upon the work of Flurr and Mellstram (Ref. 25 ) and 
leads to the following response to tilts: 
Firing rate = G(20(t) + ~ib(t)) (3.21) 
regardless of the sign of 6(t). We have thus retained the 
effect of rate sensitivity while eliminating the nonlinearity. 
Vidal postulated the model given in 3.20 based upon a stimulus 
whose frequency content was confined tow ;.I Iiz and thus 
might; not be expected to indicate the mechanical dynamics pos- 
tulated in equation 3.19. In the static experiments conducted 
by Vidal no adaptation was reported even though recordings 
were made for as much as 3 minbtes at a given orientation. 
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Fernandez and Goldberg (Ref. 2 4  ) indicated that the 
majority of cells from the otolith organs in the squirrel mon- 
key achieved an essentially constant rate of firing within 30 
seconds of a position change. Thus although some cells may 
exhibit significant adaptation a large percentage of the pop- 
ulation dces not. 
While it is recognized that the otolith afferewts which 
exhibit adaptation may contribute to the transient response 
(in exactly the same manner as nonadapting eells) they do not 
govern the long term sensations due to the otoliths which do 
not show significant adaptation to static tilt angles. There- 
fore we postulate the following form as a model for the re- 
sponse of a nonadapting otolith afferent to the component 
of specific force in the plane of the rnacula: 
Afferent - + lg'%lsr~~) + a + n(s) 1 3 . 2 2 )  
Firing Rate (s) - [ s + A  S 
where SFR denotes the resting discharge 
n(s) is the measurement noise procem 
and A,B,C arc shown in figure 3 , 6  
If, as in the case of the semicircular canai model, we 
postulate that the highc~ centers' 2 priori information Con-. 
ccrning the input (in this case ST) is given by white noise 
chrough a first ordcr filter and that the higher centers pro- 
cess the afferent information optimaily to estimate SF then 
we c ~ r i  view the entire sensory process for ti>c otoliths as 
snown in figure 3.6. 
Bs+(B+CIA SF(s) A SFR AFR(s) = S+A S F ( s )  = E ( s )  [AFR-y-1 
+ -  SFR + n ( s )  
S 
I SFR/S I I 
F i g u r e  3 . 6  Model of O t o l i t h  P e r c e p t i o n  
1 I--.---- I AFR 
I I ?  * 
I I I W ' S ~  1 
I -r;j - I I 
H'( s ) 
MMSE 
Estimator 
f o r  SF 
S"F 
= c e p t i o n  
I 
I 
- 
I ' I P r o c e s s i n g  by  I , H i g h e r  C e n t e r s  
1 I ' 
' E [ w ( ~ ) w ( ~ + E )  1 = w26(e) I L ~ f f e r e n t  F i r i n g  R a t e  
I ------_.---- J L- - - - - - - - - - - - - -1 
S t a t i s t i c a l  Model f o r  SF coinSined Mechan ica l  and A f f e r e n t  
Dynamics o f  O t o l i t h s  
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The s t e a d y  s t a t e  op t imal  p r o c e s s o r  H v  ( s )  can now be  de- 
termined a s  a  f u n c t i o n  of W, I, A,  B, C and N. Since  t h e  
r e s t i n g  d i s c h a r g e  SFR is  independent  o f  t h e  i n p u t  and is known 
by t h e  h ighe r  cenee r s  it is presumed t h a t  it i s  s u b t r a c t e d  
from the a f f e r e n t  s i g n a l  and p l a y s  no f u r t h e r  p a r t  i n  t h e  
p roces s ing .  
To f i n d  H o ( s )  we must s o l v e  t h e  a s s o c i a t e d  Wiener Hopf 
e q u a t i o n ,  S ince  H v ( s )  must be c a u s a l  t h e  a s soc i aked  Wiener 
1Iopf equa t ion  is mosk e a s i l y  s o l v e d  by t h e  method of s p e c t r a l  
f a c t o r i z a t i o n  ( R e f .  60 ) .  T h i s  y i e l d s  t h e  fo l lowing  s o l u t i o n  
f o r  El0 (s )  ; 
Where F , G  and K O  must s a t i s f y  
- - 
Now t h a t  t h e  form of H o ( s )  i s  de te rmined  w e  can cascade  
i t  w i t h  thc mechanical  and a f f e r e n t  dynamics (g iven  i n  3 . 2 2 )  
t o  y i e l d  a p r e d i c t i o n  f o r  t h e  form of r h e  o v e r a l l  p e r c e p t u a l  
dynamics a s s o c i a t e d  wi th  the o t o l i t h s .  
. - - -  
s + A  {Mean Pe rcep t ion  of SF] - B s  3. (B+C)& 
SF ( s )  s3.A ( s + P )  ( s + G )  
Equation 3.27 r e p r e s e n t s  t h e  framework wi th in  which we 
must be a b l e  t o  p r e d i c t  subjective p e r c e p t i o n  which i n v o l v e s  
t h e  o t o l i t h  o rgans .  Young and Meiry ( R e f .  81 ) proposed t h e  
fo l lowing  model f o r  t h e  pe rcep t ion  of a c c e l e r a t i o n :  
{Perceived L a t e r a l  ~ c c c l . e r a t i o n >  (s) 1 . 5  (s+. 076) 
- .----- - =  i i ' r u e  L a t e r a l  ~ c c e l c r n t i o n }  ( s )  (s+.197-m (3 .28)  
It i s  c l e a r  t h a t  equa t ions  3.27 and 3.28 have i d e n t i c a l  
forms b u t  it i s  n o t  c l e a r  t h a t  t h e  parameters  ( W ,  T ~ ,  A, B,  C 
and N) can bc chosen i n  such a way t h a t  t h e  c s o e f f i c i e n t s  i n  
t h e  p r e s e n t  model w i l l  be  i n  e s s e n t i a l  agreement w i th  t h o s e  
i n  3.28.  
3 . 2 . 2  O t o l i t i i  Modcl C p ? c i f i c a t i o n  and P r e d i c t i o n s  
----. - - - - -. . - .. . . - - --- - - - 
In  t h i s  s e c t i o n  t h e  c r i t e r i a  f o r  s p e c i f y i n g  t h e  models1 
parameters  w i l l  be e l a b o r a t e d .  Bassd on t h e s e  c r i t e r i a  v a l u e s  
f o r  t h e  parameters  w i l l  b e  chosen and t h e  r e s u l t a n t  model 
evaluated. Ac tua l ly  two s e t s  of parameters  must be  developed;  
one f o r  t h e  u t r i c l e  and one f o r  t h e  s a c c u l e .  The on ly  d i f -  
f e r e n c e  is that the r e s t i n g  d i s c l ~ a r g e  r a t e ,  t h e  s e n s o r  g a i n  
and t h e  mcasurcmeiit no i se  l e v e l  f o r  t h e  s a c c u l e  have been 
found i n  t h e  s q u i r r e l  monkey ( l ief .  2 4  ) t o  be  approximate ly  
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h a l f  t h o s e  found f o r  t h e  u t r i c l e .  Thus we have: 
Utricle Saccu le  
W -+ w 
'1 
3 
'II 
A + A 
B -P s/a  
C -> c/a 
N 3 N/2 
SPR + SFR/2 
I n s p e c t i o n  of equa t ions  3 . 2 4 ,  3.25 and 3 - 2 6  r e v e a l s  t h a t  
F and C, w i l l  remain unchanged by t h i s  t r a n s f o r m a t i o n  wh i l e  
KZaccule w i l l  be  tw ice  t h e  va lue  of K i t r i c l e  t o  make up f o r  
t h c  d i f f e r e n c e  i n  s e n s o r  g a i n ,  With t h i s  i n  mind w e  w i l l p r o -  
ceed  w i t h  t h e  s p e c i f i c a t i o n  f o r  t h e  u t r i c l e  model and. t h e n  
s p e c i f y  t h e  s a c c u l a r  model by employing t h e  above trawsfozma- 
t i o n .  
Fernandez,  Goldbery and Abend ( R e f ,  24 ) faund an  avezagc 
s t e a d y  s t a t e  change i n  f i r i n g  r a t e  from t h e  u t r i c l e  due t o  
a lg s t e p  i n  s p e c i f i c  f o r c e  t o b e  45 ips ,  If t h e  f i n a l  va lue  
theorem f o r  a l g  s p e c i f i c  f o r c e  i s  a p p l i e d  t o  e q u a t i o n  3 .22  
w e  f i n d  t h e  s t e a d y  s t a t e  response  t o  be BaC. Thus, our  f i r s t  
condik ion  i s  t h a t  
B+C = 45 (3.30) 
S i n c e  our  model of s u b j e c t i v e  s e n s a t i o n  ( equa t ion  3 . 2 7 )  
must f i t  t n e  same d a t a  from which t h e  Young and Meiry model 
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(equa t ion  3 . 2 8 )  was c o n s t r u c t e d ,  it is reasonable  t o  assume 
t h a t  t h e  corresponding c o e f f i c i e n t s  should  b e  approximately  
t h e  same. It should  b e  no ted  though t h a t  any conb ina t ion  o f  
differences between t h e s e  parameters  which p r e s e r v e  t h e  essen-  
t i a l  f i t  of  t h e  model t o  t h e  d a t a  would be p e r f e c t l y  accep tab le .  
S c t t i n y  cor responding  c o e f f i c i e n t s  i n  approximate e q u a l i t y ,  
y i e l d s  t h e  foll.owing f o u r  c o n d i t i o n s :  
A (B+CIE 1 - 0 7 6  (3.31) 
F = -19 (3.32) 
G 21.5 (3.33) 
BK" 11.5 (3.34) 
Equat ions  3.32, 3.33 and 3.34 should  b e  s u b s t i t u t e d  i n  
equa t ions  3.24, 3.25 and 3.26 t o  y i e l d t h r e e  n o n l i n e a r  a l g e b r a i c  
c o n d i t i o n s  i n  W ,  T ~ ,  A ,  B ,  C and  N whi l e  e l i m i n a t i n g  F, G and K O .  
Once a l l  t h e  parametersof  t h e  model a r e  chosen i t  w i l l  b e  
p o s s i b l e  t o  c a l c u l a t e  t h e , a f f c r e n t , s i g n a l  t o  n o i s e  r a t i o  ( S / N )  
which t h e  p roces so r  h a s  assumed i n  a r r i v i n g  a t  i t s  e s t i m a t e  of 
s p c c i f i c  f o r c c .  I f  an unreasonable s ic jnal  t o  n o i s e  r a t i o  must 
be p o s t u l a t e d  t o  s a t i s f y  t h e  o t h e r  c o n d i t i o n s  t h a t  w e  have  set ,  
then t h e  hypo thes i s  o f  an  o p t i m a l  p roces so r  would have t o  b e  
s e r i o u s l y  ques t ioned .  The s i g n a l  t o  n o i s e  r a t i o  ccu ld  con- 
cc?-vably be s e t  i n  one o f  two b r ~ a d  r eg ions .  E i t h e r  the pro- 
c e s s o r  would be o p t i m a l l y  s t r u c t u r e d  t o  i n t e r p r e t  s i g n a l s  n e a r  
t h r e sho ld  when s / N  ' 1 ( t h i s  cho ice  would be b e s t  s u i t e d  t o  
t a s k s  l i k e  t h e  c o n t r o l  o f  p o s t u r a l  sway) o r  it cou ld  be s t r u c -  
t u r e d  t o  b e s t  hand le  l a r g e  s i g n a l s  f o r  which s/N i s  s i g n i f i -  
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c a n t l y  g r e a t c r  than  one.. The o n l y  c a s e  which would i n d i c a t e  
a s e r i o u s  problem would b e  a c a s e  i n  which s / N  << 1 There- 
f o r e ,  a f t e r  c a l c u l a t i n g  t h e  s i g n a l  t o  n o i s e  r a t i o  a t  t h e  a f f e r -  
e n t  l e v e l  i n  terms o f  t h e  model parameter  we can set t h e  
fo l lowing  r e s t r i c t i o n :  
(AYR-S PR) 2 w B ~ / T ~ + ( B + c )  2 A 
E s / N  = 7 1 or g r e a t e r  
E [n21 I T =  ( 3 . 3 5 )  
=I 
A s  i n  t h e  case o f  t h e  s e m i c i r c u l a r  c a n a l s ,  there i s  d a t a  
a v a i l a b l e  concern ing  t h e  n o i s e  l e v e l  on t h e  a f f e r e n t  f i b r e s .  
Fernandez e t  a 1  (Ref. 2 4  ) p l o t t e d  t h e  CVs o b t a i n e d  from 4 7  
o t o l i t h  u n i t s  and concluded t h a t  wh i l e  o t o l i t h  CVs a r e  s i g n i f i -  
c a n t l y  Power than  canill  CVs t h e r e  i s  no d i f f e r e n c e  between t h e  
C V s  o f  t h e  u t r i c l e  and s a c c u l e .  S ince  the l e v e l  o f  spontaneous 
f i r i n g  a t  which t h e  u t r i c l e  a f f e r e n t s  o p e r a t e  ( = 8 8 i p s )  i s  
twice  t h a t  f o r  t h e  s a c c u l e  ( 1 ' 4 4 )  we  conclude t h a t  u s ing  the 
samc CV w i l l  y i e l d  a va lue  f o r  Nsacculo f 
*ut r i c lc l  / a ,  en- 
s p e c t i o n  of t h c  CV h i s t o g a m  o f f e r e d  by Fernandez i n d i c a t e s  
t l l a t  a v a l u e  of CV = .04  would be r e p r e s e n t a t i v e  of t h e  most 
r e g u l h r  a f f e r e n t s .  Using a  t o n i c  f i r i n g  r a t e  f o r  t h e  u t r i c l e  
of  88 w e  c a l c u l a t e  t h e  s t anda rd  d e v i a t i o n  o f  t h e  f i r i n g  r a t e  
2 t o  be J3lI2[N ] = 3 . 3 9  i p s .  I n  t h e  c a s e  o f  t h e  s e m i c i r c u l a r  
c a n a l s  we found t h a t  t h e  c e n t r a l  p r o c e s s o r  was capab le  of r e -  
ducing t h e  e f f c c L i v e  mcasurcment n o i s e  by a f a c t o r  o f  l/m 
by u t i l i z i n g  t h e  l a r g e  number o f  i n d i v i d u a l  a f f e r e n t s  a v a i l -  
a b l e  from each s e n s o r ,  ~ f  we presume as a f i r s t  approximat ion 
t h a t  t h e  c e n t r a l  p roces so r  f o r  t h e  o t o l i t h s  is  e q u a l l y  capab le  
of combining a f f e r e n t  s i g n a l s  t o  reduce  t h e  e f f e c t i v e  measure- 
ment n o i s e ,  t h e n  w e  cou ld  expect :  
3 . 3 9  
= N - -= .I44 ips 
m 
F i n a l l y  it i s  r easonab le  t o  assume t h a t  the presumed 
bandwidth of t h e  i n p u t ,  which is governed by l / ~ ~ ~  should  b e  
of t h e  same o r d e r  o f  magnitude as t h a t  found n e c e s s a r y  f o r  
t h e  s e m i c i r c u l a r  c a n a l s .  I f  t h e r e  i s  a d i f f e r e n c e ,  t h e n  
1 / ~ ~  f o r  t h e  o t o l i t h s  should be  s l i g h t l y  lower than  t h a t  
f o r  t h e  c a n a l s  s i n c e  t h e  o t o l i t h s  a r e  g e n e r a l l y  cons ide red  
to  be s e n s i t i v e  t o  lower f requency s t i m u l i  t h a n  a r e  t h e  
cana l s .  Thus w e  should  f i n d  roughly i n  t h e  region:  
1 
.5 rad /sec  = - < 1 - < 1 - = 5 r ad / sec  
10' T 
'canals ' o t o l i t h s  "canals  ( 3 . 3 7 )  
A f t e r  s u b s t i t u t i n g  t h e  v a l u e s  f o r  F, G and BKo from 
equa t ions  3 . 3 2 ,  3 . 3 3  and 3 . 3 4  i n t o  equa t ions  3 . 2 4 ,  3 . 2 5  and 
3 . 2 6  we have a set of eight a l g e b r a i c  c o n d i t i o n s  ( 3 - 2 4 ,  3 . 2 5 ,  
3 . 2 6 ,  3 . 3 0 ,  3 . 3 1 ,  3 . 3 5 ,  3 . 3 6  and 3 . 3 7 )  t o  be s a t i s f i e d  by 
s i x  parameters  ( W ,  T ~ ,  A ,  B, C and N ) .  The fo l lowing  v a l u e s  
f o r  t h e  s i x  parameters  were found t o  b e s t  f u l f i l l  t h e  s t a t e d  
c o n d i t i o n s  ( t h e  va lue  o f  t h e  r e s t i n g  d i s c h a r g e  rate i s  g iven  
f o r  completeness)  . 
Parameter  W t r i c l e  Saecu le  
W .00268 .00268 
SFR 88 4 4 
The consequences o f  u s i n g  t h e s e  parameter  v a l u e s  are as  
£01 lows % 
(1) B+C = 4 5  ( f u l f i l l s  eqn 3-30)  
( 2 )  Equat ions  3.24 and 3.25 are f u l f i l l e d  e x a c t l y  h u t  w i t h  
F = -133 (see 3-32.) 
6 = 1.95 (see 3.33) 
A (B+C)g  = .0488 (see 3.31) 
Each of t h e s e  v a l u e s  r e p r o s e n t s  a 30% change from t h e  approxi-  
mate v a l u e s  s p e c i f i e d .  S ince  t h e s e  v a l u e s  r e p r e s e n t  t h e  c r i t i c a l  
f r e q u e n c i e s  of t h e  o v e r a l l  s u b j e c t i v e  model, t h e i r  o n l y  import- 
ance  a r i s e s  i n  how they  a f f e c t  the  models p r e d i c t i o n  of t h e  
s y s t e m ' s  phase  response.  F igu re  3.7 shows t h e  phase  p l o t  f o r  
Young and Mei ry ' s  model (eqn. 3.28) and t h e  model d e r i v e d  h e r e  
(eqii. 3,27 w i t h  tllc pnramwcer v a l u e s  s p e c i f i e d  above ) ,  The  
phasc predictions o f  t h e  model a r*  q u i t e  good over  t h e  Ere- 
quency range  above .5 rad /sec  and on ly  s l i g h t l y  l o w e r  t han  
che f e w  d a t a  p o i n t s  a v a i l a b l e  beiow - 5  rad /sec ,  
Phase Angle (degrees) 
I 
Revised Dynamic Otolith Model 
(Ref. 81 ) 
Frequency (rad/sec) 
Data from Meiry (Ref. 51 ) 
Model Based on 1 f 1 Standard Deviation Optimal Processor 
Figure 3 . 5  Conparison of Phase Predictions for Otolith Flodels 
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( 3 )  BKQ = .911 ( reasonable  agreement w i t h  3-34)  
(4 )  s/N = l , 2 1  ( s e c  3,351 
( 5 )  M = . l 4 7  (set 3.361 
and ( 6 )  .rI = I. ( s e e  3.37) 
The r e s u l t i n g  a f f e r e n t  dynamics a r e  g iven  by 
F igu re  3 , 8  shows the change i n  a f f e r e n t  f i r i n g  due t o  a  
s t e p  i n  a c c e l e r a t i o n  o f  %g. The response c o n s i s t s  of  an i m -  
mediate  jump of 91 .1  i p s  which decays w i t h  a  5 second t i m e  
c o n s t a n t  t o  a s t e a d y  s t a t e  change i n  f i r i n g  of 4 5  i p s .  I t  
should  be s t r e s s e d  t h a t  t h i s  f i v e  second decay cou ld  be  due 
t o  e i t h e r  t h e  mechanical  dynamics ( imply ing  t h a t  t h e  mechan- 
i c a l  dynamics a r e  ve ry  over  damped) o r  cou ld  a r i s e  from t h e  
dynamics of t h e  a f f e r c n t  processes, H f  more phase  d a t a  be- 
comes a v a i l a b l e  on t h e  s u b j e c t i v e  response  t o  s t i m u l i  below 
.5 11z and conf i rms  t h e  g r e a t e r  phase l e a d  shown by Young and 
Meiry, t h e  model can be  a l t e r e d  t o  g i v e  an i d e n t i c a l  phase  
p r e d i c t i o n .  The p e n a l t y  f o r  t h i s  change is twofold .  F i r s t  
t h c  r e s u l t i n g  model f o r  t h e  a f f e r e n t  response  shown i n  f i g u r e  
3.8 would jump immediately by 400 i p s  and t h e n  f a l l  t o  45 i p s  
w i t h  a t i m c  c o n s t a n t  o f  approximately  1.5 seconds (which a t  
: ."" g lance  seems l e s s  r e a s o n a b l e ) .  Secondly,  t h e  r e s u l t i n g  
p r e d i c t i o n  f o r  a c c e l e r a t i o n  s t e p  t h r e s h o l d s  would b e  s i g n i f i -  
g Change i n  A f f e r e n t  
60 . 
Tonic  Response 
- - - ---- "-  -- -- 
Time (seconds)  
F i g u r e  3 . 8  1G S t e p  Response of O t o l i t l l  A f f e r e n t  Model 
n Per 
0 1  2 3 4 5 6 7 8 9 1 0 1 1  
Time ( seconds)  
P i g u r c  3 . 9  Predicted S u b j c c t i v c  Response t o  1G S t c p  
cantLy reduced below c u r r e n t l y  accep ted  f i g u r e s .  
En a  p e r s o n a l  communication w i t h  B r ,  Goldberg it was 
l e a r n e d  t h a t  h is  c u r r e n t  r e sea rch  w i t h  t h e  o t o l i t h  organs  of 
t h e  s q u i r r e l  monkey ~ h o w s  a wide v a r i e t y  o f  a f f e r e n t  dynamics, 
somu of v~h ich  a r e  c o n s i s t e n t  w i t h  t h e  g e n e r a l  p r e d i c t r o n  o f  
F igu re  3 .8 .  When f u r t h e r  exporimental  d a t a  i s  a v a i l a b l e  con- 
c e r n l n g  t h e  dynamic response  of o t o l i t h  a f f e r e n t s  a n  a n a l y s i s  
similar t o  t h e  one made For t h e  s e m i c i r c u l a r  c a n a l s  can  b e  
under taken.  I n  t h e  meantime it is i n t e r e s t i n g  t o  n o t e  t h a t  
t h e  approach taken  h e r e  can y i e l d  a  model which accounts  reason-  
a b l y  w e l l  f o r  t h e  a v a i l a b l e  s u b j e c t i v e  d a t a ,  t h e  known physio-  
l o g i c a l  s t r u c t u r e  o f  t h e  s enso r  and makes r ea sonab le  p r e d i c -  
t i o n s  concern ing  t h e  a f f e r e n t  p roces ses  and t h e  a s s o c i a t e d  
c e n t r a l  p rocess ing .  
S i n c e  f o r  t i m e  i n v a r i a n t  systems t h e  s t e a d y  s t a t e  Kalman 
f i l t e r  is  e q u i v a l e n t  t o  t h e  Weiner f i l t e r  developed above, it 
was dec ided  t o  use  the t i m e  domain fo rmula t ion  o f  t h e  problem 
f o ~ :  i h e  o t o l i t h s  as was done fur t h e  s e m i c i r c u l a r  c a n a l s .  
Appcrldix I y i v c s  tlie a p p r o p r i a t e  t r a n s i t i o n  m a t r i c e s  and Kalrnan 
g a i n s  f o r  tile o t o l i t h  s imu la t ion .  F igu re  3 . 9  shows t h e  r e s u l t -  
i n g  s u b j e c t i v e  response  of tile o v e r a l l  sys tem t o  a  l g  s t e p  i n  
acceleration. i i h i l e  this p r e d i c t i o n  shows Lc:;s overshoot  t han  
thc model by Young and Meiry t h e r e  is no s u b j e c t i v e  d a t a  w i th  
which t o  d i r e c t l y  cornpare it. 
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Chapter IV 
QUALITATIVE NATUlW OF PROCESSOR FOR Dh'l'ECT10~i OF NEAR- 
TII~SHOLD - IIORIZONTAL ROTATION 
Numerous studics have becn made to determine the magni- 
tude of vestibular thresholds in the three rotational axes 
(with primary emphasis on the yaw axis). A comprehensive re- 
view of these experiments through 1965 is given by Clark (Ref. 
10 ) .  It is interesting to note that numerous definitions 
of threshold are used by experimenters.and thus it is diffi- 
cult to compare the experimental results. An even more vexing 
problem is that the results of these experiments cannot be 
generalized to predict the probability of detection as a func- 
tion of time for an arbitrary rotational stimulus. The reason 
that such a prediction cannot be made is that previous inves- 
tigators have not proposed a stimulus-perception model ade- 
quate for arbitrary near-threshold rotations. In this chapter 
two fundalr~e~itally different hypotheses are considered for the 
nature of the threshold mechanism. The consequences of each 
hypothesis are explored and an experimental procedure designed 
and carried out to test their validity. 
4.1 Processor Hypotheses 
When a man is rotated, what information is available 
8 2 '  
which he can use  t o  e s t i m a t e  t h e  t ime c o u r s e  of h i s  r o t a t i o n ?  
I f  t h e  s u b j e c t ' s  eyes  a r e  open t h e  images o f  a  s t a t i o n a r y  
environment moving a c r o s s  t h e  r e t i n a  p rov ide  one s o u r c e  of 
i n fo r r~ i a t i on .  For t h o s e  c a s e s  i n  which t h e  v i s u a l  environment 
i s  n o t  i n e r t i a l l y  s t a b l e  ( f o r  cxamplc, i t  may r o t a t e  w i t h  
t h e  s u b j e c t )  o r  i n  which t h e  s u b j e c t ' s  e y e s  a r e  c l o s e d ,  ano the r  
input- i s  nccdcd. Although cues  a r i s i n g  from movement of t h e  
bodi.1.y organs  o r  frorr, t a c t i l e  s e n s a t i o n s  may be p r e s e n t ,  t h e  
most impor t an t  non-v isua l  sou rce  of i n fo rma t ion  concern ing  
r o t a t i o n  a r i s e s  frorn t h e  v e s t i b u l a r  s e n s o r ,  I f  a s u b j e c t  i s  
denied v i s u a l  cues  and t a c t i l e  and p r o p r i o c e p t i v e  cues  are 
ignored ,  t n e i ~  t h e  h i g h e r  c e n t e r s  a r e  l e f t  w i t h  t h e  i n fo rma t ion  
proviaeti  by t h e  v e s t i b u l a r  a f f e r e n t s  i n  t h e  form o f  changes i n  
n e u r a l  f i r i n g  r a t e s .  
Uyna~nic models f ( ~ r  t h e  rnc?chanical moven~ent of  t h e  cupula 
iirrd oorlccyuent n f fc ren t .  di t :cl~;lrgc were i l esc r ibed  in C hapker  
l r .  S i n c c  t h e s f  models were developed as p a r t  o f  a modcl 
of : iuprathrcsi ioid 1.1crccption no c o n s i d e r a t i o n  was g iven  t o  
c i t h c r  a  mechanical  o r  n e u r a l  t h r e s h o l d  n o n l i n e a r i t y .  The 
e x i s t a n c e  of t h r e s h o l d s  f o r  r o t a t i o n a l  s t i m u l i  i s  sometimes 
accounted f o r  by a n o n l i n e a r i t y  a t  t h e  s e n s o r  which would imply 
t h a t  u n t i l  a  c e r t a i n  s t i m u l u s  l e v e l  i s  reached  t h e r e  i s  no 
s t i m u l u s  r c l a t e d  cnangc i n  a f f e r e n t  f i r i n g  l e v e i .  I t  i s  t h i s  
qcncra1  concept ion  of t h e  ehrcshold  mechanism (shown i n  F i g u r e  
4 - 1 1  wllich w i l l  be  c a l l c d  t h e  "s imple  t h r e s h o l d  model". Tne 
- 
Dynamics Dead  one Processing 
Nonlinearity 
+ 
Figure 4.1 Simple Threshold Model 
Linear I 
CupulLr Arbitrary Afferent 
I V.estibular S ~ ~ / s  
Dynamics 
K,s 
--- 
( I S ~ +  I )CWSS+ I )  
Figure 4.2 Signal in Noise Model 
- 
- 
<) = 
r 
:;:;;I) 
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particular form of the nonlinearity is arbitrary except for 
the dead zone. 
The second model will be called the "signal in noise" 
model since, as shown in Figure 4.2, it consists of nothing 
morc than a measurement noise source between the sensor dynam- 
ics and the processing by the higher centers. The threshold 
phenomenon in this case arises from the masking effect of the 
measurement noise at low signal levels. The magnitude of the 
measurement noise is set so that a correct detection of the 
direction of motion will result seventy-five percent of the 
time. 
Although these two n~odels represent two fundamentally 
different approaches to modelling the phenomenon of vestibular 
thresholds (one including and one excluding an afferent signal 
correlated with subthreshobd stimuli) they both predhck the 
general variation of response latencies as a function of stimu- 
lus magnitudes. Figure 4.3 illustrates the time history of 
the cupula displacement (assuming n linear mechanical re- 
sponse) for steps in angular velocity and acceleration. For 
steps in angular acceleration, the displacement builds up to 
a steady state value with a time constant of 18 seconds. 
Applying the "simple threshold model" we see that if the 
steady state displacement is less than DMIN then the output 
of the nonlinearity will remain zero and the performance of 
thc processor in rictermining the direction of the stimulus 
should rcmaiia at 50%. The larger the steady state displace- 
Cupula Displacement 
(Arbitrary Units) 
------------ 
Time (secollds) 
Figure 4.3 Displacement of Cupula for Velocity Step and 
Acceleration Step Stimuli 
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merit of the cupula, the sooner the output of the nonlinearity 
devi;.ttcs from zero, which results in shorter latencies as is 
obscrved in experimental data (this is essentially a descrip- 
tion of the classical cupulogram, lief. 68 ) In the case of 
a velocity step input, detection will generally coma quickly 
if the input is above threshold since the peak eupula displaca- 
ment follows the stimulus onset with almost no delay. 
The "signal in noise" model also predicts similar changes 
in latency. If thc signal to noise ratio is taken as a measure 
of the information available to the higher centers, it is clear 
that for the case of an acceleration step input, the informa- 
tion flow peaks at about 20 seconds while in the case of a 
velocity step the best signal to noise ratio occurs immediately 
after the onset of the stimulus. If the stimulus magnitude 
is increased, a sufficient amount of information to make a 
response becomes available earlier in the case of an accelera- 
tion step, while the latency will continue to be short in the 
casc of a velocity step. 
4.2 Threshold C h a r a c t e r 2  
Since both models are capable of explaining the existence 
of tl~resholds and the general trend of response latencies, it is 
necessary to design an experiment in which the results pre- 
dicted by thc two ntodcls are measurably different so that one 
or both of tile models can be rejected:. 
The maximum cupula  d i sp lacement  f o r  t h e  v e l o c i t y  s t e p  
V ( t )  and t h e  a c c e l e r a t i o n  s t e p  A ( t )  shown i n  f i g u r e  4.3 a r e  
t h e  same. I f  t h i s  maximum va lue  were s l i g h t l y  greater than  
D~~~ ( f i g u r e  4 . 1 )  then  t h e  "s imple  t h r e s h o l d  model" would 
p r e d i c t  t h a t  bo th  V ( t )  and A c t )  would be  t h r e s h o l d  l e v e l  
s t i m u l i .  Combining t h e s e  v e l o c i t y  s t e p  and a c c e l e r a t i o n  s t e p  
s t i m u l i  a t  t h e i r  t h r e s h o l d  l e v e l  r e s u l t s  i n  a  s t i m u l u s  which 
would produce a  s t e p  i n  cupula  d i sp lacement  j u s t  l a r g e r  t han  
'MIN , There fo re  if w e  d e f i n e  
cuc(t) = V ( t )  + A ( t ) t  ( 4 . 1 )  
then  t h e  "s imple  t h r e s h o l d  model" would p r e d i c t  t h a t  w c [ t )  
would a l s o  be  a  t h r e s h o l d  l e v e l  s t i m u l u s .  
T h i s  r e s u l t  does  n o t  fo i low f o r  p r o c e s s o r s  which d e a l  
o p t i m a l l y  w i t h  s i g n a l s  i n  n o i s e .  I f  t h e  n o i s e - f r e e  f i r i n g  
r a t e  due t o  w c ( t )  i s  compared t o  e i t h e r  t h a t  f o r  t h e  v e l o c i t y  
s t e p  t t i r e sho ld  o r  t n e  a c c e l e r a t i o n  s t c p  t h r e s h o l d  it i s  c l e a r  
t n a t  w i t h  t h e  same l e v e l  of a d d i t i v e  n o i s e  t h e  p re sence  o f  
u ( t )  i s  more l i k e l y  t o  b e  d e t e c t e d  t h a n  e i t h e r  V ( t )  or  A ( t )  
C 
a lone .  I f  t l ~ e  s i g n a l  i n  n o i s e  model i s  c o r r e c t ,  dC(t)  w i l l  
have t o  be  rcauced  i n  magnitude i f  it i s  t o  be a  t h r e s h o l d  
l e v e l  s t i m u l u s .  The q u e s t i o n s  which n a t u r a l l y  a r i s e  a r e  
1. By what f a c t o r  must w c  ( t)  be reduced? 
and 2 .  Is t h e r e  a  s u f f i c i e n t  d i f f e r e n c e  t o  d e t e c t  e x p e r i -  
menta l ly?  
A measure of t h e  i n fo rma t ion  c o n t e n t  of a  s i g n a l  s ( t )  
a t  a g iven  t i m e ,  when immersed Lw independent  ze ro  mean addi -  
t i v e  gauss i an  n o i s e ,  n ( t ) ,  i s  t h e  s i g n a l  t o  n o i s e  ra t io .S /M,  
d e f i n e d  a s  
where E { Q )  i n d i c a t e s  expec ted  va lue ,  
2 L e t  n ( t )  be a  s t a t i o n a r y  p roces s  and d e f i n e  N' = Eln  (t) 1 .  
Since ,  i n  t h e  problem a t  hand, t h e  s i g n a l  is a v a i l a b l e  ove r  a 
pe r iod  of t i m e ,  t h e  i n t e g r a t e d  s i g n a l  t o  n o i s e  r a t i o  i s  t h e  
a p p r o p r i a t e  measure o:T in format ion  c o n t e n t ,  If FWv(t) and 
FRa(t)  denote  t h e  a f f e r e n t  f i r i n g  rates due t o  t h r e s h o l d  l e v e l  
v e l o c i t y  and a c c e l e r a t i o n  s t e p  s t i m u l i  r e s p e c t i v e l y ,  t h e n  t h e  
" s i g n a l  i n  n o i s e  modelqq r e q u i r e s  t h a t  
o r  t h a t  
where ( 0 , T )  i s  t h e  i n t e r v a l  g iven  t o  t h e  s u b j e c t  t o  d e t e c t  
t h e  s t i m u l u s  ( u s u a l l y  10-15 seconds ) .  The problem is t o  f i n d  
a f a c t o r ,  K, such t h a t  Kwc(t) g i v e s  rise t o  a f i r i n g  r a t e ,  
ca l l  it FRc(t), which has  an in fo rma t ion  c o n t e n t  e q u a l  t o  1- 
Since  
w e  can c a l c u l a t e  i t s  in fo rma t ion  c o n t e n t  a s  fol lows:  
I f  we set t h i s  equa l  t o  I w e  can s o l v e  f o r  the r e q u i r e d  K: 
Seve ra l  f a c t s  should be no ted  a t  t h i s  po in t :  
1. K is independent of the n o i s e  l e v e l  as long  a s  n ( t )  
i s  s t a t i o n a r y ,  b u t  is  i m p l i c i t l y  a f u n c t i o n  o f  t h e  
s e n s o r  dynamics, H&hal,  through FP,,(t) and FRA (t) .
2.  For a l l  reasonable  cho ices  of H&hal 
~ ~ p % c t ) P n , c r ) a t  O > o ( 4 . 8 )  
s i n c e  FRV(t) and FRA(t)  s h a r e  t h e  same s i g n  i n  t h e  
i n t e r v a l  (0 ,20)  seconds.  
3 .  F i n a l l y ,  us ing  t h e  Cauchy Schwartz i n e q u a l i t y ,  we 
have 
Combining 4 . 8  and 4.9 we can conclude that 
0 < /TFRV(t)Fq(t)dt < I (4 ,10 )  
0 
which, utilizing 4.7 implies that 
112  < K < 1/42 
If instead of integrated signal to noise the above 
analysis used a first order lag l/(% 9 l) ;for which we will 
use the notation 0 
r rTL'x'dt where L{X) denotes the response of 
the linear system s/(% 9 1)which is initially at rest to the 
input x ]  the results would be essentially unchanged. Specifi- 
cally we have: 
and therefore 
and 
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we can again conclude (after setting 4.13 equal to I) that 
fact the above analysis is valid for any linear 
operator, IT L{.ldt, as long as it satisfies the criteria 0 
required of an inner product. This result will be useful 
in Chapter Five when we consider models for the detection 
process. 
Figure 4.4 summarizes the above predictions. Every 
point in the figure represents a stimulus made up of a 
velocity step component v and an acceleration step compon- 
ent a. For example the point P shown in the figure represents 
the stimulus 
P(t) = (a + Bt) deg/sec (4.17) 
The points labeled V and A represent the velocity and 
acceleration step threshold levels respectively for a given 
subject. The dotted line through the origin and the point 
(A,V) represents the class of stimuli over which the two 
models alffer in their prediction of threshold levels most 
dramatically. The threshold prediction of the "simple 
threshold model", S = V + A, is illustrated along with the 
region consistent with the "signal in noise model". 
4.3 Experimental Description 
Magnitude of V e l o c i t y  S t e p  
Component (deg/sec)  
v 
B 
Magnitude of  A c c e l e r a t i  'd rk 
S t e p  Component (deg/sec  1 
F i g u r e  4 . 4  S t imu lus  Diagram and Thresho ld  P r e d i c t i o n s  
of Hypothesized Models 
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~h~ experiment b e s t  s u i t e d  t o  d i s t i n g u i s h  between 
t h e  "s imple  t h re sho ld"  and " s i g n a l  i n  n o i s e "  models is now 
c l e a r .  S t a t e d  simply t h e  exper iment  c o n s i s t s  of f i n d i n g  t h e  
v e l o c i t y  s t e p  and a c c e l e r a t i o n  s t e p  t h r e s h o l d s  f o r  a  group 
of s u b j e c t s  and then  combining t h e s e  two s t i m u l i  t o  f i n d  
t h e  s u b j e c t s '  t h r e sho ld  a long  t h e  d o t t e d  l i n e  i l l u s t r a t e d  
i n  F igu re  4 . 4 .  The p r e d i c t i o n s  of t h e  two models should  
thcn  bc  compared t o  t h e  exper imenta l  d a t a .  
The experiment was c a r r i e d  o u t  a t  t h e  NASA Research 
Cen te r  a t  Langely F i e l d ,  V i r g i n i a  u s ing  a  s i x  deg ree  of 
freedom s imu la to r  c a l l e d  t h e  r ea l - t ime  dynamic s i m u l a t o r  ( R D S ) .  
A l l  r o t a t i o n s  were r e s t r i c t e d  t o  t h e  s i m u l a t o r ' s  yaw a x i s  
which was a l i gned  w?th t h e  e a r t h ' s  v e r t i c a l  a x i s .  The s u b j e c t  
was s e a t e d  s o  t h a t  t h e  a x i s  o f  r o t a t i o n  w a s  through h i s  head 
and t h e  o r i e n t a t i o n  of h i s  head was v a r i e d  a s  neces sa ry  t o  
a c l ~ i o v e  e i t h e r  a r o l l i n g  o r  yawing s t i m u l u s  i n  head axes .  
An analog computcr was programmed t o  r o t a t e  t h e  RDS i n  yaw 
w l t h  e i t h e r  a v e l o c i t y  s t e p  o r  an a c c e l e r a t i o n  s t e p  whose 
magnitude and o n s e t  t i m e  cou ld  be  c o n t r o l l e d  by t h e  e x p e r i -  
menter. P o s i t i o n  and v e l o c i t y  feedback from t h e  s i m u l a t o r  
were recorded throughout  t h c  experiment and enabled  es t ima-  
t i o n  of a c t u a l  s t i m u l u s  magnitude wi th  an accuracy  of b e t t e r  
t han  - + 2%. Two way vo ice  communication wi th  each  s u b j e c t  
was a v a i l a b l e  i n  a d d i t i o n  t o  two hand he ld  s w i t c h e s  used 
f o r  s u b j e c t  responses .  
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Five men and one woman served as subjects. All attested 
to their good health and normal hearing. Vestibular function 
was tested by means of the sensitized Rhosnberg test in which 
subjects must mainta.in their balance for one minute while 
standing toe to heel with their eyes closed. 
FOE any owe experimental session the subject's head posi- 
tion and the stimulus type (velocity step or acceleration 
step) was held constant. Experimental stimuli were presented 
following the random double staircase method, described by 
Clark and Stewart (Ref. 15 ) except that subjecks were in- 
structed to refrain from making responses for cases in which 
no positive sensation of rotation was felt and for which 
the response would be nothing more than a pure guess, In 
such cases the lack of a response was interpreted as if an 
incorrect response had been given. To aid in maintaining 
subject alertness, the subjects were asked to give a graded 
response which would reflect the confidence they had in the 
correctness of that response. If the subject was sure that 
he was rotating to the right (left) he would depress the 
switch in his right (left) hand twice in quick succ&ssion. 
If he was moderately confident that ha was rotating to the 
right (left) he would depress his right (left) switch only 
once. If the subject was unsure, but had some basis for 
believing his motion was to the right (left), he would de- 
press first his right (left) and then his l@f'c(right) switch. 
One experimental session consisted of approximately 
70 stimulus presentations with a short break after the first 
40 were completed, and lasted slightly over an hour. All 
sublects wore iight tight goggles and were instructed to 
kccp their eyes open during the experiment. Each presenta- 
tion began with the experimenter announcing that an experi- 
mental motion would begin within 15 seconds followed by a 
random stimulus onsct delay of between zero and 15 seconds. 
T h e  subject was allcwed 13.9 seconds to make a response and 
the first response was the only one accepted. In a very few 
cascs a subject reported that he had indicated opposite to 
that which he intended and this was generally accepted by 
the experimenter and corrected for. 
After each presentation the simulator was returned to 
its zero position (in most cases the subject could detect 
this return and thus surmlse the direction of his last 
motion) after which followed a period of no motion lasting 
at least 30 seconds. 
The set of all stimulus presentations following the 
point at which the staircases either met or crossed served 
as the basis for estimates of thresholds. 
Figure 4.5 shows a typical strip chart recording for 
a velocity step stimulus in which the subject, while unsure 
of his decision, indicated 2 seconds after onset that hc 
Left 
commatlded 
L c f t  
Switch Response Latency 
= 2  Seconds :;uL jr!ct 
i t i g n t  
Switch A 
Yiyurc 4 . 5  Strip Chart he cord in!^ CUE. Ve.lr>oi.L;y 
Step ( - 2  t )  s t i s n u a u s  to ell(: LC:[ L 
was rotating to the lcft. Although the tachometer output 
was quite noisy, because of the small rotation rates, it is 
clear that the Eesponse of the simulator was quite good. 
The actual rotation rates were calculated based upon the 
information fed back from the position potentiometers. 
4.4 Analysis of Experimental Results 
Figure 4.6 shows the thresholds for each of the six 
subjects. Thresholds were calculated as follows: 
Estimated thresholda 
upper Confidence Limit = 
Lower Confidence Limit = 
where si = stimulus magnitude of ith stimulus since stair- 
cases Inet or crossed 
~ + 1  = number of stimuli magnitudes so, sl, s2, ... sN. 
The value for N differed for each session since it 
depended on how rapidly the staircases crossed but usually 
Vigurc  4.6 Threshold D n t ; ~  for . . Six Subjects 
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it varied between 29 and 32.  
Because of Weber's law (Ref. 31 ) all statistics were 
based on the log of stimulus magnitudes. For this reason 
the upper limit on the estimate of thresholds should be per- 
ceptually just as much greater than the estimated threshold 
level as the estimated threshold level is greater than the 
lower limit. 
Thc number printed next to each threshold estimate 
represents thc experiment number for that subject. Since 
combination stimuli for each subject could not be used until 
their thresholds were determined for velocity and accelera- 
tion steps, it was impossible to design the experimental 
presentation in such a way as to rule out order effects. 
To check for learning, each subject's velocity step threshold 
was tested several (2 or 3) times. The first velocity step 
experiment was always either the first or second time in the 
simulator. The remaining velocity step tests were scattered 
among the remaining tests, so that by using the results of 
all six subjects, a model for the effects of learning could 
be formulated. The assumption is made that all subjects had 
approximately the same learning profile and that this profile 
affected all experiments uniformly. 
The model for learning used to correct the experimental 
data is given by: 
L(N) = [K + (1 - K)e - (N-1) INl (4.21) 
where the threshold resulting from the N~~ session should 
be L(M) times the threshold which would have been found if 
the same experiment had been done during the first session, 
Notice that after an infinite number of sessions (M = w )  the 
tl~reshold should. be K times the initial threshold. The 
parameters K and M were varied to minimize the weighted 
variation of the models prediction from the experimental 
data. The optimal values of K andM were found to be 
X* = .52 and M* = 3-32 (4.22) 
Figure 4.7 shows a plot of loglOQL*(N)) with the rele- 
vant estimated thresholds and confidence limits shown. Note 
that the confidence limits are symmetrically placed with 
respect to the estinlated thresholds when plotted logarithm- 
ically. 
It should be mentioned here that the results of one 
experimental session among the 35 conducted was r&jeeted. 
Specifically, in the second session with subject nunher four, 
the staircases wandered tie extremely high values just before 
the break and when questioned about it the subject admitted 
that he had nearly fallen asleep. After the break, the 
staircases immediately plummeted to reasonable levels, but 
the wide variation in magnitudes (note t h e  confidence limits 
for this threshold) coupled with the subjectso remarks indi- 
cated that it would be reasonable to disregard this session. 
The function Le(N) can now be used to adjust all 
threshold estimates to reflect the thieshold which one would 
* 
LoglO(L (n)) 
(Data)' 1 Standard Deviation 
Number of Experimental Session 
Figure 4.7 Comparison of Learning Model and Data 
102 
expect to find if the subject had been in the simulator for 
the first time. The data could have been adjusted to reflect 
any degree of experience, but it was felt that most cues 
which contribute to learning in these experiments are non- 
vestibular (tactile, audio, etc.). Table 4.1 sumarlaes 
. d  
the estimated thresholds and their coerected values. Weighted 
averages for each experiment type were calculated and &he 
results are as follows (all motiaws are about an earth vert- 
ical axis): 
AverZge-velocity step thresnold fur.&011 = .835m/sec 
Average acceleration step thrashold for Roll = .190°/sec 2 
Average acceleration step threshold for Yaw = .160°/sec 2 
The threshold for yaw was computed based ~n only five 
of the six subjects since subject number th~ee was not tested. 
Hf a direct comparison i a  to be made between the vestibular 
sensitivities to acceleration steps about the yaw and roll 
axes the threshold for t he  roll a x i s  should be calculated 
based upon the same five subjects. When this is done, we 
2 
obtain a roll acceleration threshold of .158°/sec . Clearly 
there is no significant difference between this result and 
the .160"/sec2 found for the yaw axis. This result supports 
conclusions made by Clark and Stewart (Ref. 1 6  1 that there 
are "no statistically significant differences among the 
thresholds about the three major body axesM. 
To test the validity of the "simpBe threshohd" and 
3 
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"signal in noise'' models of central processing, the data is 
first corrected for learning and then transformed so that 
when plotted on a Single stimulus graph (such as shown in 
figure 4 . 4 )  all velocity step thresholds fa%% at VTg and all 
acceleration step thresholds fall at ATH. The data from the 
combination stimuli caw thew be directly compared to the 
model predictions 'illustrated in figure 4.4. 
Figure 4.8 shows the combination stimuli with their con- 
fidence limits p1otted.a~ described above. The predicted 
thresholds for the two models a r e  shown (an intermediate 
value of X = .6is used for the "signal in noise model") 
along with a curve marking the midpoints between the two 
predictions (the decision boundary). 
Each estimated threshold point plotted can be considexed 
the mean of a probability distribution for the true threshold 
value with the confidence limits being the one standard 
deviation points. 
Since this graph shows only relativs variations between 
experimental results, any feature of the experimental apparatus 
procedure or statistical technique which causes all results 
to be affected by a given scale factor will not affect the 
validity of any conclusions drawn from the graph, 
If the errors which give rise to these distributions 
are independent (except. for an arbitrary scale faator,  which 
as noted above, will not affeck the conc%uoiono~ and gaussian, 
Magnitude of Velocity Step $ Component (deg/sec) 
Signal in 
Noise Model I 
D 
Magnitude of Acceleration A~~ 
Step Component (dcg/scc2) 
Figure 4.8 Conlparison of Data to Thresholds 
Predicted by Hypotheses 
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then the relative likelihood of the two models being the 
source of these experimental results can be easily calculated. 
One method of choosing between the two models is to ask 
the question: What is the probability that the true thresholds 
are inside the decision boundary? Using the above mentioned 
assumptions, the probability that the true thresholds axe 
inside the decision boundary (favoring the "signal in noise 
model") is 99.8%. 
It is clear from this calculation that if a choice hs 
to be made between the proposed models, the "signal in noise 
model" is to be much preEerred over the "simple threshold 
model" . 
4.5 Conclusions 
The experiments described in this chapter y iddod '  the 
following threshold information: 
1. Roll velocity step threshold .835°/sec 
2, Roll acceleration step threshold = .19O0/ssc 2 
3. Yaw acceleration step threshold n .l60~/sec~ ( 4 . 2 3 )  
and supported the following conclusions: 
1. There is no significant diffarenc@ in numans between 
se~sitivity to rotation in roll and sensitivity to 
rotation in yaw. 
2 ,  The phenomenon of vestibular thresholds can be 
accounted for by a inodel of central processing of 
vestibular information consisting only of an optimal 
processing of afferent firing rates in additive noise 
with - no necessity for peripheral dead zone nonlinearities. 
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Chapte r  V 
S t o c h a s t i c  Model f o r  De tec t ion  - o f  Near Threshold  R o t a t i o n a l  
S t i m u l i  
Once t h e  " s i g n a l  i n  n o i s e "  h y p o t h e s i s  is accep ted  as an  
adequa te  model f o r  t h e  b a s i c  mechanism o f  t l n e  v e s t i b u l a r  t h r e s -  
hold  phenomenon, it i s  p o s s i b l e  t o  hypo thes i ze  a  s t o c h a s t i c  madel 
o f  v e s t i b u l a r  p e r c e p t i o n  which is v a l i d  f o r  n e a r  t h r e s h o l d  s t i m -  
u l r ,  I n  t h e  c o u r s e  o f  c r e a t i n g  this model, s e v e r a l  s i g n i f i c a n t  
problems arise among which a r e  t h e  folBowings 
1. Based on t h e  response  o f  t h e  a f f e r e n t  modal f o r  t h e  
s e m i c i r c u l a r  c a n a l s  developed i n  Chapte r  Threeo 01% would 
p r e d i c t  t h a t  t h e  t h r e s h o l d  l e v e l  for  a veBoei ty  step s t i m -  
u l u s  would b e  between 1 0  and 1 5  times: g r e a t e r  t h a n  t h e  
t h r e s h o l d  l e v e l  f o r  a  s t e p  i n  acce%era t iow.  The a x p e r i -  
menta l  r e s u l t s  d e s c r i b e d  i n  Chap te r  Four i n d i c a t e  an ave rage  
f a c t o r  of between 4 and 5 ( t h e  r a t i o  o f  v e l o c i t y  t o  acceler- 
a t i o n  s t e p  t h r e s h o l d s  f o r  s u b j e c t s  t a k e n  s e p a r a t e l y  wenreg 
2,85, 5.14, 3.94, 4 .03 ,  7 .68,  and 3.649, T h i s  dbacrepancy 
bctwecn t h r e s h o l d  and s u p r a t h r e s h o l d  pe rccp t i sw  must be 
p r e d i c t e d  by o u r  model of  v e s t i b u l a r  p e r c e p t i o n .  
2 , .  While t h e  peak a f f e r e n t  r e sponse  f o r  a s t e p  i n  a n g u l a r  
a c c e l e r a t i o n  o c c u r s  approximate ly  20  seconds a f t e r  s t i m u l u s  
o n s e t  and does  n o t  d rop  t o  h a l f  peak v a l u e  u n t i l  4 5  seconds 
a f t e r  o n s e t ,  maximum d e t e c t i o n  l a t e n c i e s  are a lmos t  always 
less t h a n  15  seconds (iZef.13 $36) There fo re ,  some mechanism 
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must be f o w d  t o  expla in  why average th resho ld  l a t e n c i e s  
do no t  r e f l e c t  t h e  t i m e  course  of t h e  a f f e r e n t  s i g n a l  t o  
no i se  r a t i o .  
3. A mathematical model o f  t h e  de t ec t i on  processes tha t  
s u b j e c t s  perform dur ing t h r e sho ld  experiments when they 
a t tempt  t o  choose between r i g h t  and 1eEt moving s t i m u l i  
must be formulated. I t  i s  .Lmportant t h a t  a d i s t i n c t i o n  
be made between t h e  process of de t ec t i on  and the problem 
of e a t h a t i n g  s t imulus magnitudes which goes on &uring 
exposures t o  l a r g e r  s t imu l i .  The response of m o d e l  
should e x h i b i t  t h e  same basic c h a r a c t e r i s t f c ~  obtsewed 
dur ing th resho ld  e x p e r i m n t s  and ba capable of p red ic t ing  
response s t a t i s t i c s  as a funct ion of time for a r b i t r a r y  
n e a r  threshold  s t imul i .  
Sect ion  5.1 d e a l s  wi th  t h e  f i r s t  two probIems, while  sec- 
t i o n s  5.2 and 5.3 dea l  wi th  the t h i r d  problem. Sect ion  5.4 sum- 
marizes t h e  p red ic t ions  which r e s u l t  from t h i s  model of 
threshold  detec t ion .  
5.1. F i r s t  Order Processinq 
I f  t h e  acce l e r a t i on  and v e l o c i t y  s t e p  th resho ld  s t i m u l i  
2 found experimentally ( . 8 3 5  degree/second and - 1 9  degree/second ) 
a r e  appl ied  t o  t h e  input  of the dynamic model f o r  the a f f e r e n t  
response of t h e  siemicircular cana l s ,  then t h e  r e s p o n s e  shown i n  
Figure 5.1 w i l l  be obtained. T t  i s  p e r f e c t l y  clear t h a t  no reas-  
onable de t eo to r  should f i n d  it equa l ly  , d i f f i c u l t  to d e t e c t  t h e  
presence o i  t h e s e  two s i g n a l s  ( a s  it should, s i n c e  both a r e  thresh-  
o ld  s t i m u l i ) .  Nrthermore,  t h e  maximum d e t e c t i o n  l a tehcy  for a 
AFFERENT RESPONSE 
(IMYULSES/SECOND) 
.a 
.h 
-5 
.4 
4 3 
.2 
,835 DEGREE/SECOND 
. I  
F ~ T I I Y ~  -5.1 Comp~rPson of Afferent Wes~onse to Threshold 
Valocf t y  Stun ( ,892 deg/see) and Aocelermtf on 
Step ( 0 . 1 9  deg/sec ) 
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t h r e s h o l d  a c c e l e r a t i o n  s t e p  u s i n g  t h e s e  r e sponses  should  b e  20 
secocds  o r  g r e a t e r ,  s i n c e  it t a k e s  t h a t  l ong  f o r  t h e  i n s t a n t a n e o u s  
s i g n a l  t o  n o i s e  r a t i o  t o  r e a c h  i t s  peak. One r e l a t i v e l y  
simple hypo thes i s  which h a s  a d i r e c t  p h y s i c a l  i n t e r p r e t a t i o n  and 
provides  a n  exp lana t ion  f o r  t h e s e  d i s c r e p a n c i e s  was found. 
It i s  w e l l  known t h a t  i n  t h e  p re sence  o f  no i n p u t ,  t h e r e  is 
a spontaneous f i r i n g  r a t e  of  t h e  v e s t i b u l a r  a f f e r e n t  (shown a s  
SFR j n  F igu re  3.1) which m u s t  b e  s u b t r a c t e d  b e f o r e  p r o c e s s i n g  by 
t h e  hi-gher c e n t e r s .  Goldberg and Fernandez (Ref. 27 ) found a 
spontaneous r a t e  o f  approximate ly  90  f i r i n g s / s e c o n d  i n  t h e  s q u i r -  
r e l  monkey, bu t  t h e  e x a c t  v a l u e  i s  n o t  impor t an t  to t h e  argument 
which fo l lows .  I t  i s  r easonab le  t o  assume t h a t  t h i s  r e s t i n g  d i s -  
charge i s  n o t  p e r f e c t l y  s t a b l e  b u t  h a s  some low frequency d r i f t  
a s s o c i a t e d  w i t h  it, which, i f  l a r g e  enough and a l lowed t o  remain 
u n f i l t e r e d ,  w i l l  g i v e  rise t o  s p u r i o u s  s e n s a t i o n s  o f  motion and 
w i l l  c o n t r i b u t e  t o  t h e  masking of low l e v e l  s t i m u l i .  I n  t h e  pro- 
c e s s  of e l iminat . ing t h e  spontaneous component o f  f i r i n g ,  t h e  e f f -  
e c t  of low frequency v a r i a t i o n s  can a l s o  b e  reduced by e e t i m o t i n g  
them and  s u b t r a c t i n g  them from t h e  a f f e r e n t  s i g n a l .  F i g u r e  5.2 
shows t h e  proposed pathway which e s t i m a t e s  bo th  t h e  spontaneous  
d i scha rge  (SFR) and hypothes ized  low frequency v a r i a t i o n s  ( c )  and 
c u b t r a c t s  them from t h e  a f f e r e n t  s i g n a l .  I f  c and t h e  measurement 
n o i s e  (17) a r e  members o f  s t a t i o n a r y  Gaussiap random ensembles and 
t h e  s i ~ n a l  A equa l s  zero,  t h e n  t h e  minimum-mean-squared-error . . 
(MMSK) cst i .mate  o f  c is g iven  by t h e  o u t p u t  of a l i n e a r  f i l t e r .  
1t is this E i l t c r ,  (shown between E and F. i n  F igu re  5 .2)  which ' 
-. 
First Order Processor 
Stimulus 
c 
Low Prequemq Drift 
in Spontaneous Discharge 
F i g u r e  5.2 First Order Processor 
accounts f o r  t h e  equa l i za t ion  o f  t h e  s i g n a l s  shown i n  Figure 5.1 
and which reduces t h e  spur ious  sensa t ions  o f  motion which would 
occur i f  the  s i g n a l  c w e r e  processed a s  i f  it arose  from a  r e a l  
s t imulus.  The assumption t h a t  t h e  s i g n a l  a t  A is small is ,  of 
course,  no t  always t r u e  so  some l i m i t a t i o n  must be placed on t he  
f i l t e r i n g  so a s  no t  t o  e f f e c t  t h e  processing of supra threshold  
s t imul i .  Spec i f i c a l l y ,  i f  t h e  a f f e r e n t  f i r i n g  r a t e  (AFR) s t a y s  
wi th in  * 4 0  (a r e f e r r i n g  t o  t h e  e f f e c t i v e  s tandard dev ia t ion  of 
c + n) of the  r e s t i n g  d ischarge  r a t e  then AFR i s  f i l t e r e d  a s  i f  
A were zero, but  i f  AFR exceeds t he se  bounds, i t  is presumed 
t h a t  a  s u f f i c i e n t  s i g n a l  t o  no i s e  r a t i o  e x i s t s  t o  obv ia te  t h e  
need fo r  e l iminat ing  c. A r ~ g i o n  comprising 2 40  was chosen 
s i n c e  i n  t h e  no st imulus case t h i s  region would, f o r  a l l  p r a c t i -  
c a l  purposes, conta in  c + n 100% of t h e  t i m e .  This  l i m i t a t i o n  i s  
modeled by t h e  s a t u r a t i o n  n o n l i n e a r i t y  which is shown between AFR 
and E. 
The following procedure is used t o  spec i fy  t h e  s t a t i s t i c s  
of c and n  and t h e  r e s u l t i n g  processor  (which inc ludes  t h e  s a tu r -  
a t i o n  non l inea r i t y  and t h e  optimum processor  H O ( s ) ) :  
1. For the purpose of maintaining s imp l i c i t y  t h e  process 
which produces c is assumed t o  be such t h a t  c is exponent ia l ly  
co r r e l a t ed .  This can be modelled a s  a  whi te  process through 
a  f i r s t  order  shaping f i l t e r  a s  follows: 
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where 
and thus  
The measurement noise ,  n, i s  presumed t o  be white and the re -  
fore :  
2 @,,(TI = E [ n ( e l n ( t + r ) l  = N 6(?) 
Since  t h e  optimum processor  I I o  (a )  is determined a s  a funct ion  
of t h e  s t a t i s t i c s  of e ( t )  and n ( t )  we must ultirnateby d e t e r -  
mine only t h r e e  parameters el, e2, and N. 
2. I f  t h e  s i g n a l  ava i l ab l e  f o r  process ing were c+n and t h e  
o b j e c t  were t o  produce an es t imate  of e with  minimum squared 
e r r o r ,  then t h e  optimal es t imator  would be given by t h e  fo l -  
lowing W i b e r  fif t e r :  
Since t h e  a c t u a l  s i g n a l  ava i l ab l e  f o r  processing is SFR + c 
+ n and the ob jec t  i s  t o  es t imate  (SFR + c )  we must use a 
f i l t e r  which passes a  cons tant  s i g n a l  wi th  u n i t y  gain.  Thus 
the expression f o r  Ho(s) given i n  equat ion  5.5 is acceptable  
Actua l ly ,  t h e  op t ima l  f i l te r  g a i n  o n l y  approaches  u n i t y  as 
c l / N  + m. Although u n i t y  g a i n  must be  used i n  t h e  u l t i m a t e  
model, r ea sonab le  v a l u e s  for cl, c2, and N are o b t a i n e d  i f  
equa t ion  5 . 7  i s  r e p l a c e d  by 
The consequence o f  making t h i s  change is t o  produce a system 
i n  which SFR is e s t i m a t e d  and e l i m i n a t e d  w i t h  no error w h i l e  
t h e  op t imal  f i l t e r  g a i n  f o r  e s t i m a t i n g  c ( t )  i s  i n  e r r o r  by 
o n l y  about  5%. 
3 .  I f  t h e  response  o f  
t o  thc? s i g n a l s  shown i n  F i g u r e  5 .1  are d e s i g n a t e d  s l ( t )  and 
s 2 ( t ) ,  then  n i s  chosen such  t h a t  
T h i s  i n s u r e s  t h a t  f o r  a g iven  l e v e l  o f  measurement n o i s e  and 
spontaneous d i s c h a r g e  v a r i a t i o n  a .835 degree/second v e l o c i t y  
s t e p  and a - 1 9  degree/second2 a c c e l e r a t i o n  s t e p  w i l l  be  
d e t e c t e d  w i t h  e q u a l  l i k e l i h o o d  d u r i n g  a f o u t e e n  second p r e s -  
e n t a t i o n  as was found expe r imen ta l ly .  The va lue  o f  q nec- 
e s s a r y  t o  s a t i s f y  e q u a t i o n  5.10 was found t o  be 
4. Since  t h e  s i gna l s  shorn i n  f i g u r e  5,B a m  th resho ld  
s i g n a l s  and a r e  thus  c o r r e c t l y  de tec ted  '7% of t h e  t i m e B  the 
n e t  e f f e c t  o f  passing them t h ~ o u g h  t h e  f i l t e r  (1- H o Q s )  1 
should be t o  produce s i g n a l s  sl(tl  and s2 (t) which when pro- 
cessed by t h e  de t ec to r  should y i e l d  1 5 %  e o r r e e t  responses.  
The net. e f f e c t  o f  t h i s  condi t ion  i s  to adjust the l e v e l  of 
cct) and n ( t )  t oge the r  s o  a@ t o  produce the required  l e v e l  
o f  s i g n a l  masking necessary t o  p r e d i c t  35% p e r f ~ ~ n c e  f o r  
t h e  above s t imu l i .  The d e t e c t o r  used f o r  this step is 
developed i n  s ec t i ons  5 . 2  and 5.3. 
5 Equations 5.8 and 5.11 along wi th  t h e  procedure described 
LEI 4 yield three condi t ions  f o r  cia c 2  and B9. Hf 5,6 is 
s u b s t i t u t e d  i n t o  5 , 8  w e  f i nd  t h a t  
o r  t h a t  
c I / N  = 20 
I f  t h e  proceduke described i n  4 is now c a r r i e d  ou t  f o r  
d i f f e r e n t  values of N while  p icking c, and e2 to  s a t i s f y  5.13 
I 
and 5.11 then 75% performance i s  reached f o r  one e f f e r e n t  
channel  when 
cl = 4.46 
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S i n c e  n = 1/3,  t h e  o p t h a 1  f i l t e r  is g iven  by 
The l i n e a r  r e g i o n  f o r  t h e  s a t u r a t i o n  n o n l i n e a r i t y  is  bounded 
by SF13 140 where u is t h e  e f f e c t i v e  s t a n d a r d  d e v i a t i o n  of t h e  
s i g n a l  c ( t )  + n ( t )  . S i n c e  
The rc.gio.1 over  which t h e  o p t i m a l  p roces so r  i s  a l lowed t o  
o p e r a t e  f r e e l y  is g iven  by GFR-4u ,  SFR + 40) = (88, 9 2 )  i p s .  
F igu re  5.3 summarizes t h e  s lowly  vary ing  spontaneous d i s -  
charge  and t h e  f i r s t  o r d e r  p roces s ing .  It is i n t e r e s t i n g  t o  n o t e  
t h a t  wh i l c  t h i s  sys tem was des igned  t o  meet s e v e r a l  key criteria, 
it a l s o  mects s e v e r a l  c o n d i t i o n s  which a l though ,  n o t  s p e c i f i c a l l y  
imposcd, c e r t a i n l y  would be  expec ted  from a c c e p t a b l e  models of 
v e s t i b u l a r  processing. 
For cxamplc: 
1. I t  might have t u r n e d  o u t  t h a t  t h e  r ea sonab le  r e g i o n  
f o r  s i g n a l  p r o c e s s i n g  (90+4a) would n o t  have been 
s u f f i . c i e n t  t o  i n c l u d e  t h e  maximum v a r i a t i o n  i n  f i r i n g  
due t o  t h r e s h o l d  s t i m u l i .  I n s p e c t i o n  o f  F i g u r e  5 .1  
shows t h a t  t h i s  is n o t  t h e  c a s e  s i n c e  t h e  peak v a r i -  
a t i o n  i n  f i r i n g  due t o  a  s t i m u l u s  o f  0.19 degree /  
second2 is 0 .78  i , i r i ngs / second  which is w e l l  w i t h i n  ' 
t h e  s p e c i f i e d  r e g i o n  o f  22.0 f i r i ngs / second .  
Available 
to Detector 
w i t )  o ~ ~ , ~ I T ) = ~  ( r) 
Figure 5.3 Model Of Information Available to Detector 
119 
2. On t h e  o t h e r  hand, t h e  necessary v a r i a t i o n  i n  s teady 
s t a t e  f i r i n g  is s i g n i f i c a n t l y  smaller than t h a t  found 
i n  t h e  most r egu l a r  c e l l s  recorded by Goldberg and 
Fernandez (Ref. 27 1 .  This would l ead  one t o  t h e  con- 
c lus ion  t h a t  t h e  h igher  cen t e r s  must be capable of 
combining t h e  information from seve ra l  a f f e r e n t  c e l l s  
t o  achieve t h e  th resho ld  performance found experi-  
mentally.  A d i scuss ion  of t h i s  phenomenon i s  given 
i n  s ec t i on  3.1. , 
3 .  The ex i s tence  of t h i s  t h r e e  second f i l t e r  would ex- 
p l a i n  why v e s t i b u l a r  th resho ld  experiments need t o  
last only t e n  t o  f i f t e e n  seconds. A s  noted previous- 
l y  , i f  such a mechanism d id  no t  e x i s t ,  t h e  maximum 
s i g n a l  l e v e l  from a s t e p  i n  angular  a c c e l e r a t i o n  would 
occur 20 seconds a f t e r  t h e  s t imulus  onse t  and no t  
f a l l  t o  ha l f  peak amplitude u n t i l  45 seconds a f t e r  
onse t  (Figure 5 .1 ) .  Figure 5.4 shows t h e  s i g n a l s  
ava i l ab l e  t o  t h e  d e t e c t o r  f o r  a .a35 degree/second 
ve loc i ty  s t e p  and a .19 degree/eecond2 acce l e r a t i on  
s t e p  a f t e r  t h e  f i r s t  o r d e r  processing. Not only is 
it be l i evab le  t h a t  t h e s e  two s i g n a l s  a r e  equal ly  easy 
t o  d e t e c t  ( as  opposed t o  those  i l l u s t r a t e d  i n  f i gu re  
5.1) but  it i s  a l s o  easy t o  understand why l a t e n c i e s  
which s i g n i f i c a n t l y  exceed f i f t e e n  seconds a r e  r a r e l y  
encountered. 
b 
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5.2 Detec t ion  Using In fo rma t ion  From The Supra th re sho ld  Optimal 
Es t imator  
S ince  t h e  f i r s t  o r d e r  p r o c e s s o r  i n s u r e s  that  a t h r e s h o l d  
v e l o c i t y  s t e p  ( .835  degree/second)  and a t h r e s h o l d  a c c e z e r a t i o n  
2 
s t e p  ( . 19  degree/second ) w i l l  be e q u a l l y  easy  t o  d e t e c t ,  and 
s i n c c  a model c o n s i s t e n t  w i t h  t h e  " s i g n a l  i n  n o i s e "  h y p o t h e s i s  
i n s u r e s  t h a t  a combination s t i m u l i  g iven  by 
w c ( t )  = K(, 835 + . 1 9 t )  (5.17) 
w i l l  on ly  y i e l d  e q u i v a l e n t  performance if 
wecan conclude t h a t  any r e a s o n a b l e  d e t e c t o r  which u t i l i z e s  t h e  
a v a i l a b l e  s i g n a l s  (G i n  F i g u r e  5.3) should  meet a l l  of t h e  e s sen -  
t i a l  requ i rements .  I n  Chapte r  Three  a Kalman F i l t e r  was proposed 
a s  a model f o r  t h e  h i g h e r  c e n t e r s t  pe rcep t ion  o f  s u p r a t h r e s h o l d  
s t i m u l i .  S ince  such a p r o c e s s o r  i s  presumed t o  be  o p e r a t i n g  any- 
way, it would make s e n s e  t h a t  it c o u l d  also be used as p a r t  of  t h e  
d e t c c t o r  f o r  n e a r  t h r e s h o l d  s i g n a l s .  
I f  one looks  a t  t h e  o u t p u t  of  t h e  Kalman F i l t e r  a s s o c i a t e d  
wi th  t h e  semicircular c a n a l s  a t  any g iven  t i m e  it is seen  t h a t  it 
c o n s i s t s  of a n  e s t i m a t e  o f  t h e  r o t a t i o n  r a t e  and a n  error v a r i a n c e  
for t h e  e s t i m a t c .  S i n c c  a l l  p r o c e s s e s  a r e  assumed t o  b e  Gaussian,  
a p r o b a b i l i t y  d i s t r i b u t i o n  f o r  t h e  a c t u a l  s t i m u l u s  magnitude con- 
d i t i o n e d  on p r e v i o u s  measurements o f  a f f e r e n t  f i r i n g  rate i s  known. 
~t t h a t  i n s t a n t  of t i m e ,  the s u b j e c t  could r e p o r t  on t h e  probabi- 
l i t y  t h a t  h i s  instantaneous r o t a t i o n  i s  t o  t h e  r i g h t  or t h e  l e f t  
a s  i l l u s t r a t e d  i n  Figure  5.5. A 1 1  t h a t  is needed $a n way t o  pro- 
duce such an estimate u d e r  t h e  known condi t ions  o f  a th resho ld  
experiment and t o . g i v e  a model c ~ f  the subject's c r i t e r i a  f o r  
i s su ing  a r epo r t ,  
In  most v e s t i b u l a r  BRashold egxperiments a eubjeat assumes 
t h a t  any motion given him w i l l  e i t h e r  be always t o  kt.&@ r i g h t  o r  
always t o  t h e  l e f t  and wok a coYngha%ion sf kkte t w o ,  , s i n c e  he is 
expected t o  only g ive  one ] C B ~ O F @ .  Ef the ~ P ~ E Q E B  i.n t h e  e s t i m k e  
of r o t a t i o n  were independent from one i n t e r v a l  to the next ,  it 
would be an easy mat te r  t o  combine these estimates t o  produce t h e  
p r o b a b i l i t y  that &he s t imulus  was t o  t h e  r i g h t  (or l e f t ) ,  but  
s i n c e  t h e s e  e r r o r s  e x h i b i t  s i g n j f i c a n t  eorre8at isw from one i n t e r -  
v a l  t o  t h e  next,  cosnbi~~ing. these  es t imates  p rope~Ey  i~ a d i f f i -  
c u l t  cornputatisna4= tunok. fn faet t o  eomlaino N sudh @@%%mates 
would iwvo3.v~ t h e  computation sf two N dirnen~%enal  i n t agsa f e  of 
t h e  j o i n t  probabi%i%y demaity f ~ r  t h e  ~BirnuEus h i s t o r y  condit ioned 
on t h e  measurement h i s t o ry .  While such a computation could be car-  
ried out  by a computerr it seems un l ike ly  t h a t  t h e  b r a in  would be 
doing anything s imi l a r ,  o r  t h a t  it would be necessary t o  use such 
a complicated d e t e c t o r  f o r  oux model. To avoid this computational 
p~oblem,  t h e  Kalman f i l t e r  i s  appl ied  s equen t i a l l y  t o  each meas- 
urement of a f f e r e n t  f i r i n g  a s  i f  it were t h e  only measurement a- 
va i l ab l e .  In t h i s  manner w e  obta in  a p r o b a b i l i t y  dens i t y  f o r  w ( t )  
( s i m i l a r  t o  t h e  one shown in Pigpre 5.5) condit ioned on only one 
I .-/m-,, PHOBABILITY 'I 
PROBABILITY 
TINT w ( t )  ( 0 
3 MOVEMENT 
Figure 5.5 Decoinposition of Probnbility Density Function 
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measurcntcnt a t  a t i m e ,  Although 'chis does no t  reduce t h e  cor-  
r e l a t i o n  of es t imate  e r r o r s  from one i n t e r v a l  zo t h e  next  t o  
zeroo it does e l imina te  t h e  major con t r ibu t ion  t o  t h i s  co r r e l a -  
t i o n  ( t h e  f a c t  t h a t  i n  t h e  usual  Kalman f i l t e r ,  t h e  eskimate 
error a t  one t i m e  is propagated and beeoms piart of t h e  e r r o r  
of subsequent es t rmates  ), With t h e  e r r o r  c o r r e l a t i o n  s i g n i f i s  
c an t l y  reduced t h e  assumption of i~dependence  is r e i n s t a t e d  and 
t h e  cs t imates  can e a s i l y  be combined. If P W/G ( t i )  (ti) i s  t h e  
probability a t  time ti t h a t  t he  motion is t o  t h e  r i g h t  given t h e  
measurement of G a t  ti, then t h e  combined p m b a b i l % t y  t h a t  t h e  
motion is and has been t o  the r i g h t  a t  t i m e  tN is  given by: 
and t o  t h e  l e f t  i s  
wherc 
and P (ti) is obtained by c a l c u l a t i n g  t h e  appropr ia te  area R / G ( ~ ~ )  
undcr P 
u ( t ) / G ( t i )  a s  i l l u s t r a t e d  i n  Figure 5.5. 
A l t e rna t i ve ly  (see R e f .  3 ) t h e  log o f  t h e  r a t i o  of P R ( t n )  
t o  P L ( t n )  can be updated s equen t i a l l y  a s  follows: 
'G (tn) /R 
whcre A (G (t,) ) i s  t h e  l i k e l i h o o d  r a t i o  d e f i n e d  as 
'G(~ , ) /L  
The above scheme l e a d s  t o  an  accumulated p r o b a b i l i t y  t h a t  the 
r o t a t i o n  was t o  t h e  l e f t  or t o  t h e  r i g h t ,  b u t  s t i l l  does  n o t  t e l l  
u s  what c r i t e r i a  a s u b j e c t  w i l l  uge f o r  making a r e p o r t .  
I n  t h e  exper iments  conducted a t  Langley Research Cen te r  and 
r epo r t ed  i n  Chapte r  Four t h e  s u b j e c t s  were r e q u e s t e d  t o  r e p o r t  
t h e i r  d i r e c t i o n  o f  r o t a t i o n  o n l y  i f  t h e y  had s e n s a t i o n s  o f  motion 
s i g n i f i c a n t  enough s o  t h a t  t h e i r  r e p o r t  would n o t  b e  merely  a  
guess.  For  t h i s  reason  the minimum c r i t e r i a  f o r  i s s u i n g  a  r e p o r t  
c o n s i s t e d  o f  P R ( t N )  e i t h e r  exceeding  .75 o r  d i m i n i s h i n g  below 
. 2 5  ( implying t h a t  PL (tN) z .75) ,. Another c o n s i d e r a t i o n  which 
should be used i n  choosing a  r e p o r t i n g  c r i t e r i a  is t h a t  s u b j e c t s  
a r e  aware t h a t  t hey  have a t  leas t  1 3  - 1 5  seconds t o  i s s u e  t h e i r  
r e p o r t .  Thus, b e f o r e  13  seconds have e l a p s e d  t h e  cr i ter ia  f o r  
i s s u i n g  a r e p o r t  i s  s t r i c t e r  t h a n  75% due t o  t h e  f a c t  t h a t  a  
reasonably  mot iva ted  s u b j e c t  would n o t  r e p o r t  w i t h  o n l y  75% con- 
f i d e n c e  e a r l y  i n  t h e  exper iment  s i n c e  h e  would know t h a t  h i s  p e r i o d  
f o r  r c p o r t i n g  had s i g n i f i c a n t  t i m e  remaining and h e  might  a s  w e l l  
o b t a l n  more d a t a  b e f o r e  committ ing h imse l f .  A s  a r e s u l t  o f  t h e s e  
c o n s i d c r a t i o n s  t h e  r e p o r t i n g  c r i t e r i a  shown i n  f i g u r e  5.6 w a s  used. 
It should  be made c l e a r  t h a t  any r e a s o n a b l e  d e c i s i o n  boundary 
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Figure 5.7 Typical Correct Response and 
Incorrect Response Trials 
could bc  used s i n c e  t h e  b a s i c  i n t e g r i t y  o f  t h e  model is n o t  depen- 
d e n t  on t h i s  p a r t i c u l a r  p r o f i l e .  The l e v e l  o f  measurement n o i s e  
and base  r a t e  v a r i a t i o n  was a d j u s t e d ,  i n  t h e  manner d e s c r i b e d  i n  
t h e  p rev ious  s e c t i o n ,  u n t i l  a .19  degree/second2 a c c e l e r a t i o n  
s t e p  w a s  c o r r e c t l y  i d e n t i f i e d  approximate ly  75% o f  the t i m e .  
Thc necessary  v a l u e s  f o r  cl and N t o  o b t a i n  75% performance are 
givcn i n  5.14. As expec ted ,  e q u i v a l e n t  performance f o r  a 
. 8 3 5  degree/second v e l o c i t y  s t e p  and a combination s t i m u l i  
(Wc ( t )  = .67 (. 835 + . 1 9 t )  degree/second) w a s  reached f o r  t h e  
same n o i s e  l e v e l .  A t y p i c a l  c o r r e c t  response  s i m u l a t i o n  and a  
t y p i c a l  i n c o r r e c t  response  t r i a l  a r e  shown in F i g u r e  5.7. 
Due t o  t h e  numer ica l  complexi ty  o f  t h i s  d e t e c t o r  which 
r e q u i r e s  t h e  s i m u l a t i o n  of a Kalman f i l t e r ,  l a r g e  scale Monte 
C a r l o  s i m u l a t i o n s  a r e  i m p r a c t i c a l ,  Thus, w h i l e  e x t e n s i v e  
l a t e n c y  h i s tograms  a s  a  f u n c t i o n  o f  s t i m u l u s  magnitude and t y p e  
a r e  n o t  a v a i l a b l e  it ia p o s s i b l e  from t h e  number o f  s i m u l a t i o n s  
made t o  i n d i c a t e  t h e  g e n e r a l  n a t u r e  o f  t h e  r e sponse  l a t e n c i e s .  
F i r s t  it i s  c l e a r  t h a t  a s  s t i m u l u s  magnitudes are i n c r e a s e d ,  
l a t e n c i e s  uniformly d e c r e a s e  independent  o f  the s t i m u l u s  t ype .  
Secondly,  t h e  s h o r t e s t  l a t e n c i e s  are a s s o c i a t e d  w i t h  v e l o c i t y  
s t c p  s t i m u l i ,  t h e  l o n g e s t  w i t h  a c c e l e r a t i o n  s t o p  s t i m u l i  and 
i n t e r m e d i a t e  l a t e n c i e s  a r e  found f o r  combinat ion s t i m u l i .  ~ l l  
o f  t h e s e  p c e d i c t i o n s  a r e  c o n s i s t e n t  w i t h  t h e  a v a i l a b l e  e x p e r i -  
mental  d a t a  f o r  r o t a t i o n a l  t h r e s h o l d s .  
5.3  Simplif  i ed  ~ e t e c t u r  Model 
 he only major drawback of t h e  d e t e e t i o a  ana8c.I daa?r ibed i n  
Sect ion 5.2 i s  i t s  numerical complexity and t h e  r e s u l t a n t  ex- 
pense required  t o  make a s u f f i c i e n t  number o f  s imula t ions  t o  g e t  
meaningful s t a t i s t i c s .  For t h i s  reason an a t tempt  was made t o  
produce a model which gave equf va lon t  perfo%it i@n~e~ b u t  which had 
s u f f i c i e n t  s,impl.iciky t o  make l a r g e  Monte Car ls , rmns  refa1isti.c. 
The b e s t  way t o  reduce t he  numericall complexity of t h e  
de t ec to r  is t o  e l imina te  the Kalman f i l t e r  an? t o  t r y  and use  
. , 
t he  a v a i l a b l e  s i g n a l  i n  a simpler manner t o  genera te  a dec i s ion  
parameter, Since any such s imp l i f i ed  d e t e c t o r  is likely t o  be 
l e s s  e f f i c i e n t  i n  de t ec t i ng  t h e  s t imufus than t he  suboptimal 
Kalmapl de t ec to r ,  w e  can expect one of two consequences, E i t he r  
1 1  i f  t he  same no ise  l e v e l  on the affersnk oigna l  is main- 
t a i ned  then mqre a f f e r e n t  channele w i l l  have t o  be 
proceesad if t h e  same performane@ f a  ko be achieved, 
o r  2 )  i f  only one a f f e r e n t  channel i s  t o  be uBed then s i m i l a r  
pcrfoxmanco w i l l  r equ i re  a r e d $ c t i o n . i n . t h e  a f f e r e n t .  
no i s e  l e v e l ,  
These conscqucnces a r e  not  s i g n i f i c a n t  though, s i n c e  oa r  o b j e c t ,  
is to obta in  equivalent  performance with a minimum of computation- 
a l  e f f o r t ,  regardless of t h e  d e t a i l s  of t he  model (e.9,  no i se  
l c v c l ,  number of a f f e r e n t  channels,  e t c . )  
Typica l ly ,  a d e t e c t o r  cons i s t s  of a dec i s ion  parameter 
(which i s  a funct ion  of t h e  a v a i l a b l e  s i g n a l )  and a set of 
r e p o r t i n g  c r i t e r i a  which t h e  d e c i s i o n  parameter  must meet b e f o r e  
a r e p o r t  is  i s sued .  O n e  p o s s i b l e  d e c i s i o n  parameter  cou ld  be  
formed by i n t e g r a t i n g  the a v a i l a b l e  s i g n a l  and i s s u i n g  a r e p o r t  
i f  t h e  parameter  exceeded c e r t a i n  bounds. There  a r e  two problems 
wi th  t h i s  s o l u t i o n .  F i r s t ,  t h e  r e s u l t  o f  i n t e g r a t i n g  a ze ro  mean 
random process  i s  t o  produce an o u t p u t  similar t o  a random walk 
whosc va r i ance  i n c r e a s e s  w i thou t  bound a s  time i n c r e a s e s .  Such a  
modcl would p r e d i c t  a l a r g e  number o f  r e p o r t s  i n  t h e  absence of 
any s t i m u l u s  i n p u t .  While such r e p o r t s  are observed expe r imen ta l ly  
t hey  a r e  r e l a t i v e l y  r a r e .  Secondly t h e  parameter  formed by s imple  
i n t e g r a t i o n  does  n o t  t a k e  s u f f i a i e n t  advantage o f  t h e  i n i t i a l  
prominent response  t o  a v e l o c i t y  s t e p  s t imu lus .  I n  f a c t ,  i t s  
expected va lue  a s y m p t o t i c a l l y  approaches  z e r o  a s  t goes t o  i n f i n -  
i t y .  I n s p e c t i o n  o f  F igure  5.4 r e v e a l s  t h a t  for  a v e l o c i t y  s t e p  
s t imu lus  the a v a i l a b l e  s i g n a l  is o f  t h e  correct s i g n  and l a r g e  
f o r  a s h o r t  t ime  and o f  t h e  wrong s i g n  and s m a l l  f o r  a much 
. . 
longcr  t i m e .  Tho optimum Bayes d e t e c t o r  f o r  tlie c a s e  i n  which 
one wishes  t o  d i s t i n g u i s h  between two u n c o r r s l a t e d  s i g n a l s  w i t h  
d i f f e r e n t  va r i ances  c o n s i s t s  o f  a s q u a r e  l a w  d e v i c e  and an  i n t e g -  
r a t o r  ( R e f  6 9 ,  7 1  . Such a d e t e c t o r  t e n d s  t o  ampl i fy  t h e  
importance of l a r g e  d e v i a t i o i l s  more t h a n  s m a l l  ones.  T h i s  charac-  
t e r i s t i c  is u s e f u l  i n  t h e  c a s e  o f  a  v e l o c i t y  s t e p  s i n c e  it weighs 
t h e  i n i t i a l  prominent s i g n a l  much more t h a n  the s m a l l  undershoot .  
One drawback o f  t h i s  p rocedure  is t h a t  by s q u a r i n g  t h e  a v a i l a b l e  
s i g n a l  t h e  s i g n  o f  t h e  s i g n a l  is  l o s t  and t h u s  it would be impos- 
s i b l e  t o  d i s t i n g u i s h  between r i g h t  and l e f t  moving s t i m u l i .  
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The decis ion  parameter must therefonre meat four  key c r i t e r i a :  
1, It  must be ab l e  t o  d i s t i n g u i s h  r i g h t  moving tram l e f t  
m o v ~ g  s t imu l i ,  
2 ,  I t  mast have a bome;ied var iance  i n  respoase t o  a 
no-stimulus t r i a l  t o  reduce the p robab i l i t y  of a 
f a l s e  alarm t o  a l e v e l  c o n s i s t e n t  w i t H  experimental 
da ta ,  
3 .  Tho! processor  which g ives  rise &I t h e  dee i s ion  para- 
meter must have a form c e n s i e t a n t  with t h a t  analyzed 
i n  Sect ion ,4 ,2  and t h e r e f o r e  be cons i s t en t  with t h e  
P9s igna l  i n  no i se  model" predictions i l l u s t r a t & d  i n  
Figure 4 , 4 ,  
4.  It should incorpora te  some technique f o r  t ak ing  
advantage of t h e  1aPgenr magnitude of the i n i t i a l  
response a s  compared to any subsequent uwdershoot, 
A de t ec to r  which ~ae%@jifibee these  four  conditb0n8 and which 
is numerically s%nnp%e is ohown i n  Figuro 5 , 8 .  The fir56 condi t ion  
i s  s a t i s f i e d  s ince  t h e  product Q(ti) 1 a( tp)  1 which dr ive s  t h e  
processor  wl2icll genera tes  H r e t a i n s  t h e  same s i g n  as G ( t i ) .  The 
variance of H i s  bounded i n  response t o  random processes w i t h  
bounded variance s i n c e  H is  t h e  output  of a d i s c r e t e  t i m e  f i r s t  
order f i l t e r .  A filter t i m e  coos tan t  of four  seconds (@ -l/' = - 7 8 )  
w a s  chosen t o  reduce t h e  f a l s e  alarm r a t e  t o  less than 1 0 % .  This 
decay mecllanism a l s o  se rves  a s  a memory l i m i t e r  s i n c e  it pprgres- 
s i v e l y  d iscounts  the importance o f  information a s  t h a t  information 
grows o lde r .  The t h i r d  condi t ion  is f u l f i l l e d  s i n c e  t h e  l i n e a r  
Channel Averaging Detection Parameter 
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Figure 5 .8  Simplified Detector 
o p e r a t o r  which p roces ses  ~ ( t )  [~(t) 1 s a t i e f i e s  t h e  r e q u i r m e n t s  
of a " s i g n a l  i n  no i sePD p r o c e s s o r  a5 g iven  i n  S e c t i o p  4-2 .  Fin-  
a l l y ,  s i n c e  G ( t ) ' s  c o n t r i b u t i o n  to  a change i n  H ie p r o p o r t i o n a J  
t o  t h e  s q u a r e  of the magnitude of ebtg, a responds  W i t h  i n c r e a s i n g  
s e n s i t i v i t y  a s  16(t) 1 i n c r e a s e s .  . 
The minimum compu%ational e f f o r t  will be reached  i f  o n l y  one 
channe l  is  s imu la t ed ,  For t h i s  case (Wl)  the measuxemcpent n o i s e  
and r e s t i n g  d i s c h a r g e  v a r i a t i o n  nunst be reeduced by a f ac t08  of 
2. fi s o  t h a t  f o r  t h i s  e i m p l i f i e d  d e t e c t o r  
and the  e q u i v a l e n t  r e d u c t i o n  c a p a b i l i t y  o f  the c e n t r a l  p r o c e s s o r  
would be  g iven  by (see S e c t i o n  3,1.2) 
Reduct ion C a p a b i l i  ty Q ( 9' 5 1560 ( 5 . 2 5 )  
which is t h r e e  t i m e s  g r e a t e r  t h a n  was aecagsarqr t o r  t h e  5uboptirna% 
d e t e c t o r  us ing  t h e  Kalman f i l t e r ,  The s e s p ~ n o o  d e l a y  hae n o t  
been modelled bu t  he is expec ted  t h a t  t h e  d e l a y  is longe r  t h a n  
t y p i c a l  r e a c t i o n  times s i n c e  it a r i s e s  from t h e  cons- ious  weigh- 
i n g  o f  b a r e l y  n o t i c e a b l e  pe rcep t ions .  I n  f a c t ,  the  d e l a y  may be' 
a  f u n c t i o n  of how much t h e  d e t e c t i o n  parameter ,  11, exceeds t h e  
d e c i s i o n  boundary s i n c e  a l a r g e  H would imply an  easier d e c i s i o n  
and t h u s  l e s s  d c l i b c r a t i o n .  I n  any c a s e  a m y P e i g h  or Piaxwell 
d i s t r i b u t i o n  f o r  the  response  d e l a y  w i t h  a mean d e l a y  of one o r  
t w o  scconds should  y i e l d  r ea sonab le  p r e d i c t i o n s  concern ing  g@- 
SDonSc l a t c n c i c s .  F i n a l l y  Eke d e c i s i o n  boundary (D) was a d j u s t e d  
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t o  i n s u r e  t h a t  an a c c e l e r a t i o n  s t e p  o f  0.19 degree/second 2 
would be d e t e c t e d  75% o f  the time. 
The model shown i n  F i g u r e  5.8 w a s  s i m u l a t e d  us ing  t h e  
parameter  s p e c i f i c a t i o n s  o u t l i n e d  above. The computa t iona l  
s i m p l i c i t y  i s  r evea l ed  by t h e  f a c t  t h a t  ove r  two thousand,  
twenty second s i m u l a t i o n s  cou ld  be run w i t h  approximate ly  one 
minute o f  c e n t r a l  p r o c e s s o r  time. The r e s u l t s  of s i m u l a t i o n s  
u s ing  va r ious  s t i m u l i  of  d i f f e r i n g  magnitudes i s  summarized i n  
t h e  nex t  s e c t i o n .  
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5,4 Summary of Hodel Pred ic t ions  f o r  Detec t ion  P r o b a b i l i t i e s  
and Latencies  
Veloci ty  s t ep ,  accePerat ion s t e p  and combination s t i m u l i  
were t e s t e d  t o  determine t h e  model's p r ed i c t i ons  concerning t h e  
p robab i l i t y  of de tec t ion  during a four teen second t r i a l  and t h e  
d i s t r i b u t i o n  of de tec t ion  Patenciee,  F igure  5 . 9  s u m r i z e s  the .  
performance predic ted  by the  model as determined by Monte Carlo 
s imulat ion.  Each point  r epresen t s  t h e  rasuPte  of one hundred 
simulated t r i a l s .  Stimulus magnitudes are r e f e r r e d  t o  t h e  
experimental ly determined threshsSa l e v e l s  as fo1lows; 
i uN ( - 8 3 5 1  deg/sec ve loc i t y  s t e p  (5.26 N THO = oN ( *  ~ 2 )  deg/sec acce l e r a t i on  s t e p  N u (K(. 8359.l9tI decg/sec combination 
where a = 1 0 " '  = -1259 
M = .67 (dotermined from Figure  4-12) 
and N = - 2 , - b , 0 , % , 2  
Whilc it is impossible t o  determine t h e  p r ec i s e  threshold  
pscd ie t ions  i n  t h i s  manner it is c l e a r  t h a t  the predic ted  th res -  
I10lcls (75% c o r r e c t  response) are bekween TH/a and THO f o r  a l l  
t h r e e  s t i m u l i .  I t  is  unnecessary t o  determine t h e  exaet t h r e s -  
hold p r ed i c t i ons  wi th  any more p r ec i s i on  than t h i s  s i nee  much 
l a r g e r  v a r i a t i o n s  o r e  seen experimental ly among sub jec t s .  
Figures 5.10, 5, lP and 5.12 i f l u s t r a t e  t y p i c a l  time h i s t o r i e s  
Figure 5.9 Model Predictions of Performance Variaticns 
as a Function of Stimulus Magnitudes 
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Figure 5.12 Combination Step Simulations 
of H ( t )  for  each of t h e  t h r e e  s t imu l i .  I n  each ca se  one c o r r e c t  
response and e i t h e r  e f a l s e  response o r  no response t r i a l  i s  
shown. 
Figures 5.13, 5.14 and 5.15 sllmnarize t h e  model 's  pre- 
d i c t i ons  for  response l a t e n c i e s  a t  threshold  (no r eac t i on  de lays  
a r e  included i n  t he se  f i g u r e s ) .  Shor t  l a t e n c i e s  f o r  ve loc i t y  
s t eps ,  r e l a t i v e l y  long l a t e n c i e s  f o r  accelerat;$on s t e p s  and 
intermediate  l a t e n c i e s  f o r  combinfition stirnull. a r e  t y p i c a l  of 
t h e  r e s u l t s .  It is c l e a r  from t h e  model t h a t  i n  a l l  cases 
average l a t enc i e s  w i l l  decrease  as st imulus macpitudes inc rease .  
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CIIAPTER W 
STOCIIASTIC MODEL FOR DETECTION OF NEAR THRESHOLD CHANGES IN 
SPECIFIC FORCE 
The model f o r  threshold de tec t ion  of r o t a t i o n a l  s t i m u l i  
was found t o  c o n s i s t  of t h r ee  d i s t i n c t  components. The f i r s t  
is a l l n e a r  model of t h e  a f f e r e n t  response of t h e  semici rcular  
canals .  Thc purpose of t h e  second component, r e f e r r e d  t o  a s  
t he  f i r s t  order  processor ,  i s  t o  e l imina te  the spontaneous 
f i r i n g  r a t e  and any assoc ia ted  low amplitude, low frequency 
va r i a t i ons  from t h e  a f f e r e n t  s igna l .  The t h i r d  'and . . f i n a l  
sec t ion  models t h e  de t ec t i on  and dec i s ion  processes which 
u t i l i z e .  t h e  s i g n a l  a v a i l a b l e  a t  t h e  output  o f  t h e ,  f i r s t  order  
processor.  Detection of changes in s p e c i f i c  f o r ce  can be 
modelled using t he  same fundamental approach, except  t h a t  t he  
re levan t  sensory s i g n a l s  are now those  assoc ia ted  wi th  t h e  
o t o l i t h  organs. 
A l i n e a r  model r e l a t i n g  changes i n  s p e c i f i c  force  t o  
changes i n  t h e  a f f e r e n t  f i r i n g  r a t e s  frgm t h e  . . u t r i c u l a r  and 
saccular  organs was developed i n  s ec t i on  3 . 2  and w i l l  be em- 
ployed here  without modif icat ion.  The requirement f o r  a f i r s t  
ordcr  processor ,  s i m i l a r  t o  t h a t  found necessary f o r  t h e  pro- 
cess ing of semici rcular  cana l  jnformation, w i l l  be d iscussed 
i n  G . l .  While a suboptimal d e t e c t o r  employing t h e  appropr ia te  
Kalman f i l t e r  could be d e v e l o p e d f o r  t h e  o t o l i t h s  i n  a manner' 
s imi la r  t o  t h a t  done fo r  t h e  semici rcular  cana l s  (Sect ion 5 .2 )  
it was decided t h a t  t h c  b e n e f i t s  o f : t h i s  approach were f a r  
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outweighed by the associated computational complexity. Xnstead, 
a successful attempt was made to implement a detector similar 
to the "simplified detector" developed in Section 5 ,3 ,  The 
specifications of this detector are outlimed in Section 6.2 
and Section 6.3 summarizes the resulting model predictions. 
1 4 1  
6 . 1  Neces s i t y  f o r  F i r s t  Order  P r o c e s s h q  
The problem o f  d e t e c t i n g  l i n e a r  a c c e l e r a t i o n  r e q u i r e s  
t h e  h i g h e r  c e n t e r s  t o  d i s t i n g u i s h  changes i n  t h e  f i r i n g  r a t e  
of f i r s t  o r d e r  o t o l i t h  a f f e r e n t s .  I f ,  i n  t h e  absence o f  
a c c e l e r a t i o n  o r  tilt, t h e  d i s c h a r g e  l e v e l  was t r u l y  c o n s t a n t  
and i f  t h i s  l e v c l  was p r e c i s e l y  known by t h e  h i g h e r  c e n t e r s  
t han  i t  cou ld  s imply be s u b t r a c t e d  and t h e  r e s u l t a n t  s i g n a l  
processed.  On t h e  o t h e r  hand, i f  t h e  spontaneous d i s c h a r g e  
l e v e l  i s  n o t  s t a b l e ,  b u t  i n s t e a d  v a r i e s  s lowly  w i t h i n  some 
known bounded r eg ion  then  some mechanism must b e  p o s t u l a t e d  
to d i s t i n g u i s h  between small changes i n  the a f f e r e n t  f i r i n g  
caused  by s t i m u l a t i o n  o f  t h e  o t o l i t h  organs  and t h o s e  caused 
by normal v a r i a t i o n s  i n  t h e  spontaneous d i s c h a r g e  l e v e l .  
There a r e  s e v e r a l  approaches  which t h e  system cou ld  t a k e  t o  
s o l v e  t h i s  problem. One approach would be  t o  i g n o r e  t h e  f a c t  
t h a t  some low frequency l o w  ampl i tude  changes i n  t h e  a f f e r e n t  
f i r i n g  r a t e  a r e  n o t  s t i m u l u s  r e l a t e d  and merely s u b t r a c t  t h e  
average  spontaneous d i s c h a r g e  r a t e  from t h e  a f f e r e n t  f i r i n g  
r a t e  and t h e r e f o r e  p roces s  t h e  x e g u l t i n g  s i g n a l  a s  i f  it a r o s e  
from a t r u e  i n p u t  s t i m u l u s  (see F i g u r e  6 . 1 ) .  T h e  problem w i t h  
this approach is t h a t  one would c o n t i n u a l l y  be alerted t o  
accelerations and t i l t s  which aid n o t  a c t u a l l y  t a k e  p l ace .  Such 
a h i g h  f a l s e  a la rm r a t e  is  unacceptab le  and a s  i n  t h e  c a s e  of 
"tllc boy who c r i e d  wolf" some mechanism w i l l  a r i s e  t o  i n s u r e  
that such c o n t i n u a l  f a l s e  alarms w i l l  be  ignored .  I f  t h e s e  
rp---- -- =, Average I 
' Spontaneous 1 
1 ~ i r i w g  Rate I I BFR I 
I I I 
S L i n ~ u l  us 
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Piest Order 
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Sti~nuLuu 
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Varying ~ q s e  
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Figure 6.2 Alternate Firpt Order Processor 
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low frequcncy v a r i e t i o n s  occur,  say 99% of t h e  t i m e  wi th in  
some bounded region o f  t h e  average spontaneous f i r i n g  r a t e  
then a second approach (see Figure  6.2) would be t o  ignore 
completely any change i n  t h e  f i r i n g  r a t e  which t a k e s  p lace  
wi th in  t h i s  bounded region.  This  approach would so lve  t h e  
problem of a high f a l s e  alarm r a t e  since t h e  s i g n a l  a v a i l -  
a b l e  t o  t h e  de t ec to r  would only r a r e l y  d i f f e r  from zero  when 
t h e r e  was no correspordinq- s t imulus  present .  The  problem 
with t h i s  approach is  t h a t  t oo  much information is thrown 
away unnecessari ly.  While it is t r u e  that: small changes i n  
t he  a f f e r e n t  f i r i n g  r a t e  which have t h e  same s p e c t r a l  compo- 
s i t i o n  as  those  a r i s i n g  a t  C (Figure 6.2) but  which a r e  due 
t o  t r u e  s t imulus inpu t s  cannot pe d i s t ingu i shed  from those  
a r i s i n g  a t  c ,  it is no t  t r u e  t h a t  s i gna l s  wi th  a  d i f f e r e n t  
s p e c t r a l  composition could no t  be d is t inguished.  The simp- 
lest  model f o r  a  s p e c t r a l  decomposition l imi ted  t o  v a r i a t i o n s  
i n  t h e  f i r i n g  r a t c  near  t h e  known average rat.e of spontaneous 
d ischarge  is shown i n  Figure 6.3. The model shown i n  Figure 
6 . 3  is a c t u a l l y  a  compromise bctweon th'e model shown i n  Figure 
6 . 1  and t h a t  shown i n  Figure 6.2 .  I n  t h e  f i r s t  model, t h e  
presumption is t h a t  a l l  va r i a t i ons  i n  t h e  f i r i n g  r a t e  regard- 
less of t h e i r  frequency content  w i l l  be assumed t o  arise from 
st imulus inputs  t o  t h e  sensory organs. I n  t h e  second model 
the presumption i s  t h a t  a l l  v a r i a t i o n s  wi th in  a  bounded region 
regard less  o f  t h e i r  frequency con ten t  w i l l  be presumed t o  
r 7 
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a r i s e  from t h e  process c  and mugt t h e r e f o r e  be  el iminated.  In 
t h e  t h i r d  and f i n a l  model t h e  presumption is made t h a t  f o r  
small  va r i a t i ons  i n  t h e  f i r i n g  rage t h e  l o w  frequency por t ion  
of the s iyna l  variat icms arise frqm the  process c and t h e  high 
frequency port ion o f  t he  va r i a t i ons  a r i s e  f r o p  a  s t imulus 
which m u s t  be detected.  To t h i s  end t h e  f i r s t  order  processor  
passes high frequency v a r i a t i o n s  while e l imina t ing  low f re -  
quency var ia t ions .  
I t  i s  i n t e r e s t i n g  t o  note  t h a t  t h i s  f i r s t  order  processor ,  
while e s s e n t i a l l y  e l iminat ing  t h e  d i r e c t  e f f e c t s  of any low 
frequency va r i a t i ons  i n  t h e  spontaneous d ischarge ,  preserves  
t he  systems a b i l i t y  t o  d e t e c t  t h e  most important c l a s s  of s t i m -  
u lus  d is turbances ;  s p e c i f i c a l l y  abrupt  changes i n  s p e c i f i c  
f o r ce  which w i l l  l ead  most r ap id ly  t o  a  s i g n i f i c a n t  change i n  
one ' s  pos i t ion .  
The above ana lys i s  of f i r s t  o rder  procesgors is equal ly 
app l icab le  t o  t he  modelling of the  percept ion of near  threshold  
r o t a t i o n a l  s t imu l i  based upon semic i rcu la r  c ana l  a f f e r e n t s .  For 
t h e  case  of r o t a t i o n a l  s t i m u l i  t h e  f i r s t  order  processor  was 
pos tu la ted  t o  account f o r  t h e  une~pec t ed  r a t i o  o f  t h e  ve loc i ty  
s t e p  threshold t o  t h e  acce l e r a t i on  s t e p  th resho ld  (Sect ion 5 .1) .  
No such experimental discrepancy ex i s t s  f o r  the o t o l i t h  organ. 
, , 
The only s i g n i f i c a n t  impl ica t ion  of t h e  f i r s t  o rder  processor,  
. . 
f o r  threshold de tec t ion  of s t e p s  i n  s p e c i f i c  f o r ce  would be a  
. , 
s l i g h t  shortening o f  t h e  predic ted  l a t enc i e s .  Figure 6 .4  
shows t he  s i g n a l  ava i l ab l e  f o r  de tec t ion  i n  t h e  c a s e  of a 
P. 1 Time (seconds) 
P l g u r c  6.4 Signal Available for Detection for Various 
Values of T 
1 4 7  
t h r c s h o l d  s t e p  i n  s p e c i f i c  f o r c e  c .005  g )  f o r  v a r i o u s  v a l u e s  
o f  t h e  f i l t e r  time c o n s t a n t ,  7 .  F i g u r e  6.5 shows the r e s u l t  
o f  pas s ing  each o f  t h e s e  s i g n a l s  though t h e  d e t e c t o r  used f o r  
t h e  s e m i c i r c u l a r  c a n a l s  ( F i ~ u r e  5.8,  N = l )  and normal iz ing  
thc i r  peak responses .  S i n c e  t h e  average  d e t e c t i o n  l a t e n c y  w i l l  
occur about  t h e  t ime  t h a t  H ( t )  peaks  it can be concluded t h a t  
a s  T d e c r e a s e s  t h e  average  p r e d i c t e d  l a t e n c y  w i l l  t e n d  t o  de- 
c r e a s e .  It is  d i f f i c u l t  t o  choose a va lue  f o r  r based on 
t h e s e  cu rves  s i n c e  they  a r e  o n l y  approximate  i n d i c a t o r s  o f  
p r e d i c t e d  l a t e n c i e s  and s i n c e  t h e  p r e d i c t e d  l a t e n c i e s  do n o t  
change r a d i c a l l y  w i t h  changes i n  r .  I n  f a c t ,  g iven  a s m a l l  
leeway i n  choos ing  t h e  s t a t i s t i c a l  d i s t r i b u t i o n  o f  t h e  r e sponse  
d e l a y  T ,  any o f  t h e  v a l u e s  f o r   shown would be i n  r e a s o n a b l e  
agreement w i t h  t h e  e x p e r i m e n t a l l y  determined latencies (Ref.s1 ) .  
I f  t h e  mcan response  d e l a y  wcre presumed t o  b e  between one and 
two seconds f o r  nea r  t h r e s h o l d  s t i m u l i  t h a n  any v a l u e  of T 
g r c a t c r  t h a n  o r  equa l  t o  t h r e e  seconds would be  r ea sonab le .  I n  
s c c t i o n  G.3 t h e  model p r e d i c t i o n s  w i l l  be  givon f o r  r=3 seconds 
and ~ = 3 0  seconds t o  show t h e  e f f e q t  o f   on t h e  p r e d i c t e d  la t -  
c n c i c s .  
S p e c i f i c a t i o n s  f o r  t h e  low frequency v a r i a t i o n s  i n  t h e  
spontaneous f i r i n g  r a t e  can be  determined i n  t h e  same way a s  
was done for t h e  semicircular c a n a l s  i n  S e c t i o n  5.1. The equa- 
t i o n s  which must bc s a t i s f i e d  by N, c1 and cZ (see F igu re  6 . 3  
and S e c t i o n  5 .1)  are: 
Tine (seconds) 
Pigure 6.5 Normalized Detection parameter for Various 
Values of T 
and 
N was determined in Section 3.2 to be 
~ h u s  from Equation 6.2 
c1 = 2.94 (6-5) 
and from Equation 6.3 
c2 z 2 0 ~  (6.6) 
1 
The only parameter whiah pemaine unspecified in Figure 
6.3 is the region over which the f i r s t  order processor oper- 
ates linearly. The linear region for the saturation nonlinear- 
ity shown in Figure 6.3 is bounded by SFR54a where U is the 
j 
effective standard deviation of the nonstimuias related signal 
varihtions. u is given by 
> 
6,2 s imp l i f i ed  Detector  Model 
The s impl i f i ed  d e t e c t o r  which Ilpns u8ed t o  model t h e  de- 
t c c t i o n  of near threslaold r o t a t i o n a l  s t i m u l i  (see Figure 5,8) 
i s  a l s o  capable of p r ed i c t i ng  threehold  perfo~mmnce f o r  detec-  
t i o n  of s t e p s  i n  l a t e r a l  accs le ra t fon .  Since t he  minimum 
computational e f f o r t  is requireq  when only one channel i s  
simulated,  N i s  set equal  t o  lo The motivation $or t h e  s t r u c -  
t a r e  of t h i s  de t ec to r  is  olatlined i n  d e t a i l  in Seet ion  5.3 
and i s  not  repeated here .  
The response delay eoTsp which represen t s  t h e  sum 
t o t a l  of a11 delays  which a r e  not  r e l a t e d  t o  t h e  t i m e  h i s t o r y  
of t h e  s i g n a l  a v a i l a b l e  POP processing, is not  m d e l l e d  i n  
d e t a i l  here except t o  remark t h a t  T slnould be viewed a s  a 
p o s i t i v e  xawdom va r i ab l e  whose minhun  value ghould be set 
equal k o  thrc:c o r  four  hundred m$~fisacswds (which represen t s  
t h e  time normally assoc ia ted  with supra thrashcld  r eac t i on  
tinics) anti whosc mcan value should be set t o  one o r  two sec- 
onds. The value of D, which represen t s  $he minimum dev i a t i on  
of t he  dccis lon  parameter H ( t )  which w i l l  provoke a response,  
should not  d l f f e r  s i g n i f i c a n t l y  from the  value found f o r  t h e  
semicircular cana l s .  The exact  value sf D can be chosen i n  
two ways. Ei ther:  
1, D can be adjus tcd  t o  y i e l d  a t h r e sho ld  p r ed i c t i on  
which is t h e  same as the experimenkalpy determined 
value and then D compared 'to t h e  value found f o r  t h e  
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semicircular canals to check if it is reasonable. 
or 2. D can be set to the value found for the semicircular 
canals, the modelss theshold prediction determined 
and then this threshold prediction compared to the 
experimentally determined thresholds. 
For the case T-3 seconds, which is the same time constant used 
in the first order processor for the semicircular canals, there 
is no need to apply both procedures since for  D = 0.16 (the 
value used for the semicircular canals) the resulting threshold 
(75% correct detection) is .005 g for the utricles and .010 g 
for the saccule. These values are in complete agreement with 
those of Meiry (Ref. 51 ) .  For re30 seconds, a value of 
D = .32 is necessary i f  .the above, threshold values .&e desired. 
This is only a factor of two greater than that used for the 
i 
semicircular canals. If D is set equal to .16 then' Lor r 530 
seconds the utricular threshold' would be approximate- 
ly .0035 g and the predicted saaaular threrhold would be ,007 g. 
, 
l 5 a  
6 . 3  Summary of Model P r e d i e t i o p s  f o r  D e t e c t i o n  P r o b a b i l i t i e s  
and La tenc i e s  
A c c a l e r a t i o n  s t e p s  of f i v e  d i f f e r e n t  magnitudes were 
t e s t e d  t o  determine t h e  model ' s  p r e d i c t i o n s  f o r  t h e  probabi -  
lity of d e t e c t i o n  d u r i n g  e imu la t ed  f o u r t e e n  second t r i a l s .  I f  
"TH" i s  used t o  d e s i g n a t e  an a e e g l e r a t i o n  ~ t s p  of  - 0 0 5  g then 
thc u t r i c u l a r  modcl w a s  t e s t e d  w i t h  s t e p s  o f  magnitude Tn9/az, 
TH/o, T11, THO and T M C I ~  where a= &o". F i g u r e  6.6 s m a r i a e s  
the  r e s u l t s  o f  t h e s e  Monte C a r l $  s i m u l a t i o n s .  For the simu- 
l a t i - o n s  i n  which ~ 5 3  seconds t h e  d e c i s i o n  level D was set t o  
-16  and f o r  ~ = 3 0  seconds D w a s  set t o  .32. The p r e d i c t i o n s  
a r e  e s s e n t i a l l y  e q u i v a l e n t  with 75% performance o c c u r r i n g  f o r  
a s t i m u l u s  magnitucle o f  .005 g. Each data p o i n t  s h o w  in 
F i g u r e  4.6 i s  t h e  r e s u l t  o f  2lO s i m u l a t e d  trials, w i n g  % R e  
same v a l u e  f o r  D i n  t h e  saeeular mode?. w i l l  r o s u l t  i n  easen- 
t i a l l y  thc samc curves  ahown i n  Bfgura 6 .6  axcopt t h a t  TI1 
would have t o  be s e t  equa l  t o  . O l O  g @ h e @  the  s e n s i t i v i t y  of 
t h e  s a c c u l a r  organ is on lv  h a l f ' t b a t  o f  t h e  u t r i e u l a r  o rgan  
( s e e  S e c t i o n  3 . 2 ) .  Thus t h e  t h r e s h o l d  p r e d i c t i o n  f o r  t h e  
s accu lcn  would be  .0 l0  g. 
F i g u r e  6 . 7  shows t h e  t i m e  h i s t o r y  o f  t h e  d e t e c t i o n  para-  
meter I I ( t )  f o r  a c o r r e c t  response  t r i a l  and an i n c o r r e c t  re- 
sponse  t r i a l  f o r  t h e  model with ~ = 3  seconds.  F i g u r e  6.8 shows 
t h e  same s imulat io lzs  of  the model for  T = ~ Q  seconds, I n  both 
f i g u r e s  the s t i m u l u s  rnagntiude i s  .005 g. 
Figure 6.G Model Predictions of Performance Variations 
as a Functiun of Stimulus Magnitudes 
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F i g u r e  6 . 8  Thresllold A c c e l e r a t i o n  Step ~ i r n u l a t i o n s '  
( T  =30 seconds)  
Figures  6 . 9  ( ~ = 3  seconds)  and  6.10 (r=30 seconds)  sum- 
v a r i z c  t hc  p r e d i c t e d  d i s t r i b u t i o n e  o f  th response  l a t e n c i e s  
due t o  t h e  t i m e  h i s t o r y  o f  t h e  s i g n a l s  a v a i l a b l e  f o r  d e t e c t i o n .  
Thctse d i s ~ r i b u t i o n s  do n o t  i n c l u d e  t h e  response  d e l a y s  modelled 
by c-Ts. I n s p e c t i o n  o f  F i g u r e s  &9 add 6.10 r e v e a l  that, f a r  a  
tenfold i n c r e a s e  i n  T t h e  p r e d i ~ t e d  i n c r e a s e  j n  the ave rage  
A?, b--. 
response l a t e n c y  would oL1y b e  ,approxim&ely one second.  S i n c e  
t h i s  d i f f e r e n c e .  .$n l a t e n c ~ ~ c a n .  ... a% e a s i l y  b e  ' i n c o r p o r a t e d  
1 
-Ts i n  t h e  t e r m  e t h e  valura qhasen f o r c r : N s  n o t  very c r i t i c a l .  
One of t h e  most i n t e r e e t i n g i m & ' i c a ~ i o n s  of t h e s e  r e s u l t s  
: . . 
i s  t h a t  t h e  d e t e c t i o n  processes ' :which make u s e  of t h e  s i g n a l s  
a v a i l a b l e  a t  t h e  a f f e r e n t  level  f o r  t h e  s e m i c i r c u l a r  c a n a l s  
and t h e  o t o l i t h s  can  b e  modelled as i f  t h e y  were i d e n t i c a l .  I n  
both  c a s e s  t h e  a f f e r e n t  s i g n a l s  were c o r r u p t e d  w i t h  w h i t e  
measurement n o i s e  and low frequency v a r i a t i o n s  i n  t h e  sponta -  
neous d i s c h a r g e .  I n  bo th  c a s e s  a Weiner f i l t e r  w a s  used t o  
e s t i m a t e  t h e s c  low frequency v a r i a t i o n s  which were then  sub- 
t r a c t e d  from t h e  a f f e r e n t  f i r i n g  l e v e l  t o  produce a s i g n a l  
which presumed t o  c o n s i s t  o f  a w h i t e  measurement n o i s e  p r o c e s s  
>~ 
and p o s s i b l y  a  s i g n a l  related $0 a s t i m u l u s  a c t i n g  on t h e  
s enso r .  F i n a l l y ,  i d e n t i c a l  d e t e c t o r s  w i t h  t h e  same d e t e c t i o n  . 
- 
parameters  and t h e  same cr i ter ia  f o r  i s s u i n g  a  r e p o r t  were 
uscd t o  p r e d i c t  n e a r  t h r e s h o l d  d e t e c t i o n  performance c o n s i s t e n t  
wi th  experimental d a t a .  
6 0 
AOCELEWTf ON STEP$ ,005g 
TOTAL NIIFIBEW OF TWULS~ 105 
40 NUNBER OF CORRECT RESBQNSES: '95 
$ OF GORREeT DETECTION3 n 71 ,& 
Za3 8ECONDS 
20 
1 2 3 b 5 
EATWCY (SECOND339) , 
Figure 4 . 9  Latency Histogrim for Threeholb 
Step  in AcoePeration (T-3 seoosadsB 
ACCIE&ERI\TION STEPe .005g 
TOTAL MUIIt3E2 QF TRXALSz 2PQ 
NUbIBER OF CORRECT BESBONSES: f 60 
$ Ot' CORRZCT DETECTIONS: 76 ,I 
p J O  8ECOlT9S 
Figure 6.9Q Latenay Hfstogrm for Threehold 
Step in Acoeler~tioln ( ~ ~ 3 0  seconds) 
CHAPTER VII 
PERCEPTION OF STATIC ORIENTATION IN A 
CONSTANT SPECIFIC FORCE ENVIRONMENT 
- 
In  p rev ious  c h a p t e r s  t h e  p e r c e p t i o n  of r o t a t i o n  o r  ac-  
ce le ra t ion  was always presumed to  o r i g i n a t e  from the s i m p l e  
s t i m u l a t i o n  of a  s y n e r g i s t i c  p a i r  o f  s enso r s  (e .9 .  t h e  r i g h t  
p o s t e r i o r  c a n a l  and t h e  l e f t  s u p e r i o r  c a n a l )  and no cons ide ra -  
t l o n  was given t o  t h e  nroblem o f  i n t e g r a t i n g  t h e  s e n s a t i o n s  
a r i s i n g  from more t h a n  one s y n e r g i s t i c  p a i r  4e.g. t h e  h o r i -  
z o n t a l  c a n a l s  and t h e  r i g h t  p o s t e r i o r  and l e f t  s u p e r i o r  can- 
a l s ) .  For t h e  c a s e  o f  t h e  s e m i c i r c u l a r  canal, sys tem t h e  
s i m p l e s t  s o l u t i o n  t o  t h i s  problem would be t o  p o s t u l a t e  t h a t  
s i n c e  t h e  p l ancs  o f  t h e  t h r e e  c a n a l s  a r e  roughly o r thogona l  
t h , ) t  t h e  s e n s a t i o n s  which arise from each  s y n e r g i s t i c  p a i r  can 
bc con:;itlcrcd t h e  components o f  a v e c t o r  which r e p r e s e n t s  t h c  
nct: s e n s a t i o n  o f  r o t a t i o n .  While i t  i n  t r u e  t h a t  t h e  s e n s i t i v e  
axcs of t h e  c a n a l s  do n o t  c o i n c i d e  wi th  t h e  conven t iona l  r o l l ,  
p i t c h  &lnd yaw axes  t o  which we t end  t o  r e l a t e  any s e n s e  of 
ro t ,~ t -  ion, t h e  sc?nsat ion o f  r o t a t i o n  r e l a t i v e  t o  t h e  conven t iona l  
ho(1y axcs can be d e r i v e d  us ing  a s imple  t r a n s f o r m a t i o n  of 
cnordina t c s .  
A s i m i l a r  npnroach t o  t h e  problem of i n t e g r a t i n g  t h e  
s rnsa t i nns  from t h e  u t r i c l e s  and t h e  s a c c u l e s  would y i e l d  
a  nlndcl which was i n  agreement w i t h t h e  g r o s s  n a t u r e  of t h e  
steady state perception of tilt. If the sensitive axes of the 
otolith organs formed a mutually orthogonal s e t  and the 
steady state sensitivities of these organs and their orienta- 
tiorir; with respect to the head were accurately assessed, then 
an unbiased estimate of the head's steady state orientation 
with respect to a constant specific force environment could 
be made. (Specific force or gravito-inertial. reaceion force is 
.defined as the difference between the gravitational force 
vector and the vector representing the translational accelera- 
tion with respect to inertial space.) Unfortunately oxperirnen- 
tal data suggests that the perception of tilt - is biased and 
that this bias is a function of the intensity of the specific 
force field (lg,2g, etc.) and the orientstion of the head 
relative to the local direction of specific fore?. 
The purpose of this chapter f s  to di~suks the nature of 
these biases artd to suggest a simple! modal for the ~nee~kation 
of otolith information which wjll yieid predictions consistent 
wit11 the available experimental data. 
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7.1. Pe rcep tua l  I l l u s i o n s  o f  S t a t i c  O r i e n t a t i o n  
The f i r s t  s y s t e m a t i c  i n v e s t i g a t i o n  o f  man's p e r c e p t i o n  
of t l ~ e  v e r t i c a l  was c a r r i e d  o u t  by Mach [ 45, 46, 47 1 
beginninq i n  1873. I n  Mach's exper iment  t h e  s u b j e c t  was 
r o t a t e d  i n  a c e n t r i f u g e  a t  a  c o n s t a n t  rate wh i l e  f a c i n g  i n  
t h e  d i r e c t i o n  o f  r o t a t i o n .  The n e t  s p e c i f i c  f o r c e  was such 
t h a t  the s u b j e c t  i n v a r i a b l y  f e l t  t i l t e d  away from t h e  c e n t e r  
of r o t a t i o n .  When a plumb bob was suspended i n s i d e  t h e  
c e n t r i f u g e  Mach r e p o r t e d  t h a t  h i s  s e n s a t i o n  of t h e  v e r t i c a l  
was g e n e r a l l y  a l i g n e d  w i t h  t h e  d i r e c t i o n  i n d i c a t e d  by t h e  
plumb bob ( i . e .  aligned wi th  t h e  l o c a l  d i r e c t i o n  o f  s p e c i f i c  
f o r c e ) .  
I n  more r e c e n t  y e a r s  numerous psychophys ica l  exper iments  
have been conducted,  e . g . , [  11, 1 2 ,  2 9 ,  30 ,  5 2 ,  5 6 , 5 7 ,  
63,  6 4 ,  72, 74, 75  1 i n  which s u b j e c t s  were t i l t e d  w i t h  
rcspcct t o  t h e  l o c a l  d i r e c t i o n  o f  s p e c i f i c  f o r c e  and t h e n  
reques ted  t o  i n d i c a t e  t h e i r  pe rce ived  v e r t i c a l  or h o r i z o n t a l .  
I n  a d d i t i o n  Cohen [ 1 7  I and Schane [ 6 3  I i n v e s t i g a t e d  t h e  
r 
e f f e c t  of  s p e c i f i c  f o r c e  magnitude and p i t c h  o r i e n t a t i o n  on t h e  
perceived ang le  o'f p i t ch .  
Thc mechanism used to  g e n e r a t e  s u s t a i n e d  tilt a n g l e s  and 
t h e  appa ra tus  employed t o  pe rmi t  t h e  s u b j e c t  t o  i n d i c a t e  h i s  
o r i e n t a t i o n  a r c  c r u c i a l  t o  t h e  i n t e r p r e t a t i o n  o f  t h e  experimen- 
t a l  r e s u l t s .  For  expe r imen ta l  r e s u l t s  t o  b e  u s e f u l  i n  model l ing 
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t h e  s t a t i c  s e n s a t i o n  o f  o r i e n t a t i o n  a s  a  f u n c t i o n  o n l y  o f  
t h e  o u t p u t  o f  t h e  o t o l i t h  o rgans  s e v e r a l  key cr i ter ia  must 
be m e t .  
1. There must be  no visu,$l  i n f o r m a t i o n  a v a i l a b l e  t o  
t h e  s u b j e c t  which i n  any way a f f e c t s  h i e  percep-  
t i o n  of o r i e n t a t i o n .  The i d e a l  way t o  meet t h i s  
condi t io 'n  would be t o  Rave the s u b j e c t ' s  e y e s  c l o s e d  
b u t  u n f o r t u n a t e l y  t h i s  e l i m i n a t e s  t h e  most r e l i a b l e  
methods f o r  t h e  s h h j e c t  t o  i n d i c a t e  h i e  o r i e n t a -  
t i o n .  The re fo re  t h e e x p e r i m e n t e r  must s t r i v e  t o  
des ign  an  i n d i c a t o r  which h a s  t h e  l e a s t  i n f l u e n c e  
on t h e  s u b j e c t ' s  p e r c e p t i o n  of o r i e n t a t i o n .  One 
common s o l u t i o n  t o  t h f e  p r o b l e m , . w h i l e  p robab ly  
n o t  op t ima l ,  i s  t o  d i s p l a y  a luminous Ydne which 
t h e  s u b j e c t  can manually r o t a t e  by means o f  a  knob 
t o  h i s  pe rce ived  v e r t i c a l  i n  an  o t h e r w i s e  
darkoned enc losu re .  
2 .  Ilata concern ing  t h e  s u b j e c t ' s ' p o r e e p t i o n  o f  o r i e n t a -  
t i o n  must be c o l l e c t e d  a f t e r  t h e e x p e r i m e n t a l  
c o n d i t i o n s  have s t a b i l i z e d  and have remained c o n s t a n t  
for a p e r i o d  s u f f i c i e n t  t o  a b o l i s h  a l l  r e sponse  
from t h e  s e m i c i r c u l a r . c a n + l s .  While one minute o r  
more would be p r e f e r r e d  a p e r i o d  o f  no less t h a n  
t h i r t y  seconds should be  adequa te .  There have been 
expe r imen t s  r e p o r t e d  i n  which a  s u b j e c t  s e a t e d  i n  a 
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c e n t r i f u g e  i s  s l o w l y  a c c e l e r a t e d  wh i l e  i n s t r u c t e d  
t o  con t inuous ly  r e p o r t  h i s  perce ived  o r i e n t a t i o n .  
Whilc t h e  r e s u l t s  o f  t h r e e  exper iments  a r e  u s e f u l  
i n d i c a t o r s  o f  t h e  phenomenon we a r e  i n v e s t i g a t i n g ,  
t hey  should  be  ana lyzed  c a r e f u l l y  w i t h  r e g a r d s  t o  
t h e  p o s s i b l e  contaminaping e f f e c t s  o f  bo th  c a n a l  
involvement and t h e  dynamic p o r t i o n  o f  t h e  o t o l i t h  
response ;  e s p e c i a l l y  a t  t imes  j u s t  fo l lowing  a b r u p t  
changes i n  a c c e l e r a t i o n .  
3 .  Since  t h e  e f f e c t  o f  p r o p r i o c e p t i v e  i n fo rma t ion  on 
pe rce ived  o r i e n t a t i o n  is n o t  t h e  o b j e c t  o f  s t u d y  
h e r e ,  it i s  i m p o r t a n t  t h a t  t h i s  source  of in fo rma t ion  
be e l i m i n a t e d  i n s o f a r  as p o s s i b l e  through s u i t a b l e  
head and body s u p p o r t s .  
and 
4 .  I n s t r u c t i o n s  t o  t h e  s u b j e c t  must c l e a r l y  i n d i c a t e  
t h a t  h i s  t a s k  i s  to  i n d i c a t e  t h e  o r i e n t a t i o n  o f  t h e  
e a r t h  v e r t i c a l  and n o t  h i s  p e r c e p t i o n  o f  t h e  d i r e c -  
t i o n  of n e t  f o r c e .  
W i t h  t he sc  c r i t e r i a  m e t  and a  c l e a r  r e c o r d  o f  bo th  the 
s p c c i f i c  f o r c c  maqnitude and t h e  o r i e n t a t i o n  o f  t h e  head 
w i t 1 1  r c c p c c t  t o  t h e  l o c a l  d i r e c t i o n  o f  s p e c i f i c  f o r c e  a  
r ~ ~ ~ s o n a b l y  c o n s i s t e n t  s e t  o f  ekpqr imenta l  d a t a  emerges.  
I n  a c e r t a i n  c l a s s  o f  exper4ments i n  which a s u b j e c t  i s  
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t i l t e d  l a t e r a l l y  w i t h  r e s p e c t  t o  t h e  l o c a l  d i r e c t i o n  of 
s p e c i f i c  f o r c e  t h e  s u b j e c t  p e r c e i v e s  t h a t  h i s  tilt a n g l e  i s  
l e s q  t h ~ l n  t h e  o b j e c t i v e l y  measured a n g l e .  T h i s  e f f e c t  
is namecl t h e  Aubert e f f e c t  (or A e f f e c t  [ 3 I ) .  The Auberk 
e f f c c t  m a n i f e s t s  i t s e l f  i n  s e v e r a l  ways. If f o r  example 
a  s u b j e c t  i s  t i l t e d  t o  t h e  r i g h t  i n  a i g  environment  w h i l e  
vicwing a  s t a t i o n a r y  v e r t i c a l  l i n e  he w i l l  s s n s e  t h a t  t h e  
l i n e  has r o t a t e d  c o u n t e r c l o c k w ~ s e  and i s  now t i l t a d  t o  t h e  
l e f t .  A l t e r n a t e l y  i f  tho  s u b j e c t  i s  a b l e  t o  c o n t r o l  t h e  
o r i e n t a t i o n  of t h i s  l i n e  he w i l l  t e n d  t o  r o t a t e  it i n  t h e  
same d i r e c t i o n  as  h i s  own tilt i n  o r d e r  t o  have it appear  
v e r t i c a l  t o  him. I n  a  s e p a r a t e  c l a s s  o f  exper iments  a  s u b j e c t  
w i l l  expe r i ence  a  s e n s a t i o n  o p p o s i t e  t o  t h e  one d e s c r i b e d  
above. An o b j e c t i v e l y  v e r t i c a l  Pine  w i l l  appea r  t o  tilt i n  
t h e  lamu d i r e c t i o n  a s  the subjeetPs tilt and he  w i l l  t h u s  
p e r c e i v e  h i s  t i l t  t o  be  g r e a t e r  t h a n  h i8  a c t u a l  ti%&, T h i s  
e f f e c t  is known a s  tAe U i i l  Per q f f e c t  ( o r  E e f f e c t )  and was 
f i r s t  d e ~ c r j b e d  by Mtiller i n  1916 [ 53 1 .  Although t h e  E 
e f f e c t  i s  normally a s s o c i a t e d  w i t h  e i t h e r  a  t r a n s i e n t  sen- 
s a t i o n  o r  wi th  exper iments  i n  which t h e  magnitude o f  t h e  
s p e c i f i c  f o r c e  v e c t o r  i s  g r e a t e r  t han  u n i t y ,  some i n v e s t i g a t -  
o r s  1 75 I have r c p o r t e d  a m i l q  E e f f e c t  f o r  small r o l l  
a n q l c s  i n  a  l g  environment.  While t h e  terms "Aubert  e f f e c t "  
i1nd "Mtiller e f f c c t "  may be u s e f u l  i n  d i s c u s s i n g  t h e  outcomes 
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of c e r t a i n  exper iments  t hey  d o  n o t  by themse lves  s e r v e  t o  
c l a r i f y  t h e  mechanism which u n d e r l i e s  t h e  g e n e r a l  phenomenon 
a s s o c i a t e d  w i t h  t h e  p e r c e p t i o n  of o r i e n t a t i o n .  
For reasons  which w i l l  soon become c l e a r  a l l  o f  t h e  
expcr imcnts  wi th  which we a r e  concerned w i l l  be d i v i d e d  
i n t o  t h r e e  b a s i c  c a t e g o r i e s .  F igu re  7 .1  i l l u s t r a t e s  t h e  
t h r c e  c a t e g o r i e s .  .Cons ider  a coo rd ina t e  system whose y 
a x i s  i s  a l i g n e d  wi th  t h e  h e a d ' s  p i t c h  a x i s  ( p i t c h  forward 
is  ~ > o s i t i v e ) ,  whose z  a x i s  i s  p e r p e n d i c u l a r  t o  t h e  
average p l ane  o f  t h e  u t r i c u l a r  mncula ( i .e . ,  approximate ly  
0 =  25-30 degrees  p i t c h e d  back r e l a t i v e  t o  t h e  v e r t i c a l  when 
t h e  head is i n  a  normal e r e c t  p o s i t i o n  [ 191) and whosex a x i s  
i s  d e f i n e d  by a  r i g h t  handed c r o s s  p roduc t  
i 
-x iy iz (7.1) 
I f  t h e  s t e a d y  s t a t e  . s p e c i f i c  f o r c e  v e c t o r  f o r  a  g iven  
$ 
experimental.  t r i a l  i s  r e f e r r e d  t o  t h e s e  a x e s  a s  fo l lows  
S F = S F i  + S F i  + S F i  
- X-X Y-Y Z -7. 
Whcrc SF SF and SFZ a r e  exo res sed  i n  g ' s  
x'  y  
w e  can c a t e g o r i z e  t h a t  exper imenta l  t r i a l  a cco rd ing  
t o  t h e  fo l lowing  r u l e s :  
I f  SFZ ' - c o s ( 8 )  then d e s i g n a t e  a s  c a t e g o r y  A 
T £  S P ~  = - C O S ( O )  t h en  d e s i g n a t e  a s  c a t e g o r y  N ( 7 . 3 )  
~f  SF^ < - c o s ( 0 )  then  d e s i g n a t e  a s  c a t e g o r y  E. 
Yigurc 7.1 Illustration of S p e c P f i ~  Force Stimulus 
Categorizgtion 
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T h i s  c a t e g o r i z a t i o n  w i l l  be  b e t t e r  unders tood i f  it i s  
noted t h a t  f o r  an  e x ~ e r i m e n t  w i t h  t h e  head erect i n  1 g  t h e  
s t i m u l u s  i s  of t y p e  N. Adding any a c c e l e r a t i o n s  i n  t h e  xy 
plirnc o f  t h c  c o o r d i n a t e  system j u s t  d e s c r i b e d  w i l l  n o t  a l . t e r  
t h e  s t i m u l u s  t ype .  The c r u c i a l  tes t  i s  whether  o r  n o t  t h e  
component o f  s p e c i f i c  f o r c e  i n  t h e  z d i r e c t i q n  i s  more 
negativcl ( t y p e  E) o r  l e s s  n e g a t i v e  ( t y p e  A)  t h a n  i n  t h e  c a s e .  
i n  which t h e  head i s  e r e c t  i n  1 g. 
I n  rev iewing  t h e  r e s u l t s  of s e v e r a l  exper iments ,  each  
t r i a l  w i l l  be  a s s igned  t o  t h e  a p p r o p r i a t e  c a t e g o r y  and t h e  
d i r e c t i o n  o f  t h e  mean b i a s  i n  pe rce ived  o r i e n t a t i o n  r e l a t i v e  
t o  t h e  n e t  s p e c i f i c  f o r c e  no ted .  As a p r e l i m i n a r y  example, 
t h e  exper iments  by Mach d e s c r i b e 4  a t  t h e  beg inn ing  of t h i s  
s e c t i o n  a r e  of t y p e  N s i n c e  t h e  s u b j e c t ' s  head was e r e c t  i n  
1 c j  and an a d d i t i o n a l  component . . o f  s p e c i f i c  f o r c e  was added 
i n  t h e  noqai:ive y d i r e c t i o n .  S ince  , . t h i ~  change i n  specific 
force l l i t l  no t  a l t c r  t h e  z component o f  s p e c i f i c  f o r c e  t h e  
ca t ego ry  remains .the same as  "head erect 1 g "--namely c a t e -  
gory N. Yach's exper imenta l  r e s u l t  was t h a t  t h e  v e r t i c a ' l  was 
a l i g n c d  wi th  t h e  n e t  s p e c i f i c  f o r c e  w i thou t  any n e t  b i a s .  
Morc r e c e n t  c e n t r i f u g e  expe r imen t s  have confirmed Mach's 
r e s u l t s .  Nob1.e 1 57 I i n  t h e  ~ a m e  .. .. manner a s  Mach, 'was  a b l e  
t o  test  s u b j e c t s '  p e r c e p t i o n  of t h e  v e r t i c a l  f o r  s p e c i f i c  
, f o rce  v e c t o r s  making an  a n q l e  of from 6 t o  4 0  d e g r e e s  wi th  
r e s p e c t  t o  t h e  v e r t i c a l .  Noble concluded: "The e m p i r i c a l  
. . 
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f u n c t i o n  c o r r o b o r a t e s  Machos o r i g i n a l  hypo thes i s :  v i e , ,  t h a t  
s s  a d j u s t  Vv i n  accordance wi th  t h e  r e s u l t a n t  o f  c e n t r i f u g a l  
ancl ! ~ r a v i . t a t i o n a l  f o r c e s .  IP We w i l l  f i n d  that  . t h i s  h y p o t h e s i s  
i s  n o t  q e n c r a l l y  t r u e  excep t  f o r  t y p e  N s t i m u l i .  
C la rk  and Graybie l  [ 11 ] conducted a n  exper iment  s i m i l a r  
t o  t h a t  of Nob le ' s  excep t  t h a t  t h e  c e n t r i f u g e  was s lowly  
a c c c l c r a t e d  up t o  i t s  maximum rate o f  r o t a t i o n  wh i l e  t h e  
s u b j e c t  con t inuous ly  t r acked  h i s  p e r c e i v e d  ver t i ca l .  I f  t h e  
small. t a n y e n t i a l  a c c e l e r a t i o n  and t h e  dynamic e f f e c t s  o f  t h e  
s lowly changing s t imu lus  is i g ~ o r e d  t h a n  e k i s  exper iment  c a n  
a l s o  be  c l a s s i f i e d  a s  t ype  W. C l a r k  and Grayb ie l  d e s c r i b e d  
t h e i r  d a t a  a s  fo l lows :   he d a t a  a l s o  :show t h a t  when r a d i a l  
a c c e l e r a t i o n  i s  inc reased  s lowly ,  a s  i n  t h i s  exper iment ,  t h e  
s u b j e c t  a d j u s t s  t o  t h e  r e s u l t a n t  f o r c e  a c c u r a t e l y ,  w i t h  a 
s l j q h t  tendency f o r  t h e  p e r c e p t i o n  t o  Peg behind t h e  s t i m u l u s  
and a tcndcney t o  s e t  t h e  l i n e  a t  a  p o s i t i o n  s l i g h t l y  g r e a t e r  
than  fl. I n s o f a r  a s  t h e  accuracy  o f  t h e  s e t t i n g s  i s  concerned 
tllc d a t a  supnor t  t h e  r e s u l t s  o f . .  .Noble." Other  c a t e g o r y  N 
exper iments  were conducted by C la rk  and Grayb ie l  [ l Z r  30 I 
wi th  s i m i l a r  r e s u l t s .  Thus, f o r  t h e s e  t y p e  N expe r imen t s ,  t h e  
g e n c r a l  conc lus ion  can be drawn t h a t  t h e  p e r c e i v e d  v e r t i c a l  
i s  a l i q n c d  approximatcly  w i th  t h e  s p e c i f i c  f o r c e  v e c t o r .  
Schonc [ 631 conducted a thorough  se t  o f  exper iments  u s i n g  
a c e n t r i f u g e  t o  chahge t h e  magnitude o f  t h e  s p e c i f i c  f o r c e  
v e c t o r ,  SF. - n i s  exper iments  d i f f e r e d  from t h o s e  d e s c r i b e d  
above i n  t h a t  he d i d  n o t  p u t  h i s  s u b j e c t s  i n  a n  e r e c t  
p o s i t i o n  r e l a t i v e  t o  t h e  e a r t h  v e r t i c a l  b u t  v a r i e d  t h e i r  
o r i e n t a t i o n  s y s t e m a t i c a l l y  w i t h  r e s p e c t  t o  - SF. I n  do ing  s o  
hc conducted some t r i a l s  i n  each o f  t h e  t h r e e  c a t e g o r i e s .  
F iqu re  7 . 2  summarizes S c h 6 n e f s  d a t a  f o r  t h e  ca se  i n  which 
t h e  s u b j e c t ' s  r o l l  angle  ( l a t e r 9 1  tilt) i s  v a r i e d  i n  a l g  
and i n  a 2 g environnlent. The e rpe r imen t s  i r )  l g  are a l l  
ca tcgory  A exper iments  ( excep t  $or t h e  c a s e  w i t h  z e r o  r o l l  
ang le  which i s  ca t ego ry  N) ' .  For  t h e  exper iments  i n  2 g 
t h e  z component o f  s p e c i f i c  f o r c e  i s  g iven  by 
SFZ =-2cos ( $1  cos ( 8) ( 7 . 4 )  
where @ = rol l  ang le  o f  head w i t h  r e s p e c t  t o  SF -
and 0 = tilt ang le  pf  t h e  u t r i c u l a r  macule w i t h  
r e s p e c t  t o  t h e  s a g i t a l  p l a n e  (approximate ly  25-30 
d e g r e e s ,  s e e  F igu re  7.1) . 
Thcrc fo re  t h e  experiment is o f "  ca t cgo ry  E i f  cos  (@) > .5  
( JI G O 0 )  , ca teqory  N i f  cos (pl) = . 5  (@ = 60") and c a t e g o r y  
A i f  cos  (0)  - 5  (gi > 60°) .  R e f e r r i n g  a g a i n  t o  F igu re  7.2 
i t  i s  c l e a r  t h a t  a l l  ca tegory  A exper iments  e x h i b i t  t h e  ~ u b e r t  
ef f c c t ,  a l l  c a t e g o r y  N exper iments  e x h i b i t  e s s e n t i a l l y  no 
b i a s ,  and a l l  ca tegory  E exper iments  e x h i b i t  t h e  Miiller e f f e c t .  
Schiine r epea t ed  t h e  t e s t s  i n  gne g under water t o  t e s t  f o r  
. , 
t h c  p o s s i b l e  i n f l u e n c e  of t h e  t a c t i l e  s e n s e  on p e r c e p t i o n  o f  
o r i e n t a t i o n .  The r e s u l t s  o f  t h e s e '  t e s t s  are ' i n  g e n e r a l  
I ' i gu r c  7 .  L I'crce.ivcd T i l t  Angle as a Function of Actual 
T i l t  Angle f o r  lG and 2G Specific Force 
Environments 
agreement w i t h  t h e  l g  curve  i n  F i g u r e  7 . 2  w i t h  t h e  only  
d i f f e r e n c e  b e i n g  a  s l i g h t l y  g r e a t e r  Aubert e f f e c t  f o r  (8 
g r e a t e r  t h a n  90° .  
F l n a l l y  Schijne v a r i e d  t h e  p i t c h  o r i e n t a t i o n  ( a )  o f  t h e  
s u b j e c t  r e l a t i v e  t o  t h e  l o c a l  d i r e c t i o n  o f  - SF f o r  d i f f e r e n t  
specific f o r c e  magnitudes. S u b j e c t s  were i n s t r u c t e d  t o  
a d j u s t  t h e  v e r t i c a l  p o s i t i o n  o f  a luminous s p o t  u n t i l  i t  was 
"on t h e  hor izon"  o r  " u n t i l  he  sees it a t  eye  level." F igu re  
7 .3  summarizes t h e  d a t a  from t h e s e  exper iments  ( c o n s t a n t  
, 7% 
e r r o r s  have bedn e l i m i n h t e d  by d e f i n i n g  t h e  pe rce ived  p i t c h  
ang le  when the head i s  e r e c t  i n  1 g  as z e r o ) .  
To c a t e g o r i z e  t h e s e  expe r imen ta l  t r i a l s  it i s  necessary  
t o  c a l c u l a t e  t h e  z  component of s p e c i f i c  f o r c e .  
SF, ( a ,  G) = -Gcos( % - a )  (7 .5)  
where B = 25-30 degrees  
a - a n g l e  s u b j e c t  is p i t c h e d  down (F igu re  7 . 3 )  
and G = magnitude o f  t h e  s p e c i f i c  f o r c e  v e c t o r  ( g )  
A l l  expe r imen ta l ly  de te rmined  d a t a  p o i n t s  shown i n  F igu re  
7.3 (G21) have a s s o c i a t e d  v a l u e s  o f  G and a which s a t i s f y  
and t h e r e f o r e  t h e  exper iments  wbjch gave r i s e  t o  them must 
be c h a r a c t e r i z e d  a s  t ype  E. To j n t e r p r e t  t h e s e  expe r imen ta l  
I . ' i ( jurc  ' 1 . 3  I ' I I Y C O ~ V C L (  ritcli A ~ l g l c  ds a r . 'u~ic l i .c~i l  of T r u f  
P i L c 1 1  Anglc and Magnitude of Specific Force 
r e s u l t s  i t  i s  convcnient  t o  r e f e r  t o  t h e  subject ' s  pe rce ived  
d i r e c t i o n  of "down," which can  b e  d e r i v e d  from h i s  i n d i c a t i o n s  
of t h e  ho r i zon ,  and t o  compare t h i s  w i t h  t h e  d i r e c t i o n  o f  t h e  
sl :>ocific f o r c e  vec to r .  A l l  d a t a  p o i n t s  conf i rm t o  t h e  
fo l lowing  r u l e :  t h e  t r u e  d i r e c t i o n  o f  SF is always between 
-
t h e  perce ived  d i r e c t i o n  o f  "down" and t h e  n e g a t i v e  z ax i s  
- T h i s  i s  e q u i v a l e n t  t o  a M U l l e r  e f f e c t  i n  p i t c h  w i t h  
r e s p e c t  t o  -i . I n  o t h e r  words t h e  d e v i a t i o n  o f  t h e  p e r -  
-z 
ceivcd down from -iz w i l l  a lways b e  i n  t h e  same d i r e c t i o n  bu t  
o f  g r e a t e r  magnitude than  t h e  a c t u a l  d e v i a t i o n  o f  t h e  s p e c i f i c  
f o r c e  from -iZ f o r  a  t y p e  E experiment.  T h i s  e f f e c t  is almost 
n o n e x i s t e n t  f o r  t h e  1 g  cu rve  b u t  becomes p r o g r e s s i v e l y  
g r e a t e r  a s  t h e  i n e q u a l i t y  g iven  i.n 7.6 i s  s t r e n g t h e n e d .  The 
f a c t  t h a t  a l l  t h e  curves  c r o s s  qt a =  0  i s  t o  b e  expec ted  s i n c e  
a t  t h i s  p o i n t  -iZ, - SF and t h e  pe rce ived  d i r e c t i o n  of "down" 
w i l l  a l l  co inc ide .  F i n a l l y  t h e  d a t a  p o i n t s  f o r  1 .99 ,  1.6g, 
1.39 and lg can bc e x t r a p o l a t e d  a t  each va lue  o f  0 t o  y i e l d  
a p r e d i c t i o n  for t h e  p e r c e p t i o n  o f  down a t  .5g and O g .  I n  
t h e s e  c a s e s  
SFZ ( a ,  G) > - ~ 0 s  ( 0 )  (7 .7)  
and t h u s  t h e  cor responding  exper iments  would be o f  t y p e  A .  
Thi s  e x t r a p o l a t e d  d a t a  conforms t o  a  r u l e  just o p p o s i t e  t o  
t h a t  p rev ious ly  s t a t e d .  The r u l e  governing t h i s  d a t a  would be: 
t he  pe rce ived  d i r e c t i o n  of "down" i s  always between -i and SF. 
-2 - 
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T h i s  is e q u i v a l e n t  t o  an Aubert  e f f e c t  i n  p i t c h  w i t h  
r e s p e c t  t o  -Lz Datii from Cohen [ 1 7  1 for which t h e  head 
was e r e c t  i n  l .Og, B.25g, 1.5g,  and 1 .75g i s  a l s o  shown 
i n  F igu re  7 .5 ,  Cohen's  d a t a  s u p p o r t s  t h e  g r o q s e s s i v e  i n -  
c r e a s e  i n  t h e  e r r o r  i n  pe rce ived  p i t c h  o r i e n t a t i o n  as t h e  
magnitude of SF i n c r e a s e s  b u t  does  n o t  show a s  l a r g e  an  21- 
l u s i o n  o f  p i t c h  a s  does t h e  d a t a .  Prom SeP1Bne. 
For  t h e  expe r imen ta l  ev8d9nceAreyiewod t o  t h i s  p o i n t  we 
can i n f e r  t h e  fo l lowing  c o r r e l a t i o n  between etimulms type  
and t h e  r e s u l t i n g  pexcept ion  of t h e  bertieal: 
Category A -t underes t imat ion  o f  tilt angle  w i t h  
r e s p e c t  t o  -i (Aubert  phenomenon) 
-2 
Category Ed + pe rce ived  v e p t i c a l  c o i n c i d e s  w i t h  - SF 
Category E + o v e r e s t i m t i o n  o f  tilt a n g l e  w i t h  
r a a p e e t  t o  -La (MB1Eep-like phenomenon1 
Data from Miller and Graybiol [ 5.2. 1 a l o n g  w i t h  t h e  
exl>c?rirnental d a t a  d e s c r i b e d  above w i l l  h e  compared i n  
S e c t i o n  7 . 3  t o  t h e  p r e d i c t i o n s  of a model (based on t h e  above 
c o r r e l a t i o n )  developed i n  S e c t i o n  7.2. 
7 . 2 .  Model Based on A l t e r e d  S a c c u l a r  I n f o r m a t i o n  
The s i m p l e s t  mathemat ical  model f o r  t h e  s t e a d y  s t a t e  
pe rcep t ion  o f  o r i e n t a t i o n  w i t h  r e s p e c t  to  a s p e c i f i c  f o r c e  
f i e l d  based upon in fo rma t ion  from t h e  o t o l i t h s  would be 
a  model c o n s i s t i n g  o f  t h r e e  o r t h o g o n a l  a c c e l e r o m e t e r s  whose 
o u t p u t s  c o r r e c t l y  r e f l e c t e d  t h e  components o f  t h e  t r u e  specif- 
i c  f o r c e  v e c t o r .  Using t h i s  model, t h e  p r e d i c t e d  p e r c e p t i o n  
of t h e  d i r e c t i o n  "down" would always c o i n c i d e  w i t h  t h e  
d i r e c t i o n  o f  t h e  s t e a d y  s t a t e  s p e c i f i c  f o r c e  v e c t o r .  The 
exper imenta l  r e s u l t s  p r e s e n t e d  i n  t h e  p r e v i o u s  s e c t i o n  
demonstra te  t h a t ,  w h i l e  such a model would adequa te ly  pre-  
d i c t  responses  i n  lg f o r  c a s e s  i n  which t h e  head i s  t i l t e d  
l e s s  than  20 degrees  from t h e  erect p o s i t i o n ,  t h i s  s imple  
model i s  inadequa te  f o r  s t i m u l i  n o t  mee t ing  t h e s e  c r i t e r i a .  
Before  deve lop ing  a  model which accounts  f o r  p e r c e p t i o n s  
o f  "down" which d e v i a t e  from t h e  s t e a d y  s tatc  d i r e c t i o n  of 
SIT i t  i s  impor t an t  t o  i l l u s t r a t e  how t h e  r e sponses  o f  a f f e r e n t  
nerves  a s s o c i a t e d  w i t h  d i f f e r e n t  morphological  p o l a r i z a t i o n s  
can be conbincd simply t o  g i v e  an e s t i m a t e  o f  - SF. The 
morphological  p o l a r i z a t i o n  maps for t h e  u t r i c u l u s  and 
s a c c u l u s  of t h e  s q u i r r e l  monkey were i l l u s t r a t e d  i n  F igu re  2 .6 .  
Fernandcz, Goldberq, and Abend [ 2 4  ] demons t ra ted  t h a t  t h e  
response o f  a  g iven  o t o l i t h  neuron was a  l i n e a r  f u n c t i o n  o f  
t h e  component of  SP - i n  on ly  one d i r e c t i o n .  The d i r e c t i o n  of 
s e n s i t i v i t y  i s  des igna t ed  t h e  f u n c t i o n a l  p o l a r i z a t i o n  v e c t o r  E. 
174 
Pcrnandez e t  a l ,  found t h a t  t h p  d i a t r i b u e i o n  o f  t h e  v e c t o r s  
F f o r  t h e  neurons t hey  s t u d i e d  agreed  c l o s e l y  w i t h  t h e  
- 
morphological  maps shown i n  F i g u r e  2 .4 .  X f  t h e  f u n c t i o n a l  
. t h  p o l a r i z a t i o n  v e c t o r  o f  t h e  1- ce l l  were g iven  by 
and &, i and & are d e f i n e d  as i n  s e e t i o w  7.1, t hen  t h e  
-M 
s t e a d y  s t a t e  response  o f  t h i s  aelP t o  a s p e c i f i c  f o r c e  
s t i m u l u s  - SF would be g iven  by 
t h  
where FRi i s  t h e  a f f e r e n t  f i r i n g  rate o f  t h e  i- ce l l  
( i p s )  
'i i s  t h e  s e n s i t i v i t y  o f  t h e  i% cel l  ( i p s / g )  
th 
and SpRa is t h e  t o n i c  f i r i n g  r a t e  sf t h e  i- ce l l  ( i p s ) .  
The f i r i n g  r a t e s  from a group o f  such cells { iml ,  W) can be 
combined t o  y i e l d  a s i g n a l  which i s  d i r e c t l y  r e l a t e d  t o  t h e  
component of  s p e c i f i c  f o r c e  a l o n g  each  o f  the t h r e e  axes  
i i and iZ. Ax J -Y I For example, an  e s t i m a t e  of t h e  component 
of  s p e c i f i c  f o r c e  a l o n g  i., would be g iven  by 
N 
A s imple  model f o r  t h e  p e r c e p t i o n  o f  "down" c a n  t h e n  be 
formulated a s  fo l lows:  
A & i + G i + & i  
DOWN = -x-x .-y -z-z 
-
- 2  f i 2  - 2  1/2 (SF +SF +SF ) 
-X y -Z (7.12) 
A 
where DOWN i s  a u n i t  v e c t o r  i n  t h e  perce ived  d i r e c t i o n  
o f  "down" 
A 
SF, i s  c a l c u l a t e d  from 7 .11  
h fi  
and SF, and SF a r e  c a l c u l a t e d  from 7 .11  w i t h  "z" 
Y 
r e p l a c e d  by "x" and "y" r e s p e c t i v e l y .  
S ince  t h i s  s imple  model i m p l i e s  t h a t  
where L[ . I d eno te s  t h e  e x p e c t a t i o n  o p e r a t o r .  
none o f  t h e  d c v i a t i o n s  noted i n  s e c t i o n  7 . 1  w i l l  be  p r e -  
d i c t e d .  The q u e s t i o n  o f  how t o  modify 7.12 s o  t h a t  t h e  
va r ious  phenomenon a s s o c i a t e d  w i t h  t h e  p e r c e p t i o n o f  tilt can 
, . 
be p r e d i c t e d  can now be answered. 
To mot iva te  t h e  model which w i l l  fo l low it shou ld  be  
notcd t h a t  t h e  c l a s s i f i c a t i o n  q f  s t i m u l i  developed i n  
s c c t i o n  7 . 1  does  n o t  depend on t h e  components o f  - SF a l o n g  t h e  
i o r  i axes .  I n  o t h e r  words,  a change i n  e i t h e r  SFx or SF 
-X -Y Y 
w i l l  n o t  alter the ca t ego ry  of t h e  s t i m u l i  and consequently 
w i l l  n o t  change t h e  type s f  r e sponse  ( A u b e r t ,  ~6Plear or no  
d e v i a t i o n )  p r e d i c t e d .  I t  thug eeems r easonab le  t o  assume t h a t  
t h e  parameter  which c o n t r o l s  t h e  d e v i a t i o n s  which w e  endeavor  
t o  p r e d i c t  i s  SFZ and not SFx or SF 
Y' 
Using t h i s  assumption 
we conclude t h a t  .@?F~ and & shou ld  be calculated i n  Y 
accordance w i t h  e q u a t i o n  7 .11 apd they  s h o u l d  t h e n  be used i n  
A 
e q u a t i o n  7,12 w i t h o u t  a l t e r a t i o q .  SF,, on t h e  o t h e r  hand, must 
be a l t e r e d  t o  p r e d i c t  t h e  ' i l 1uee ry  p e r c e p t i o n s  found experimen- 
t a l l y .  While it i s  rePat ive1y e a s y  t o  motivate t h e  a l t e r a -  
h 
t i o n s  of SFZ q u a l i t a t i v e l y ,  t h e  agreement of t h e  model ' s  
p r e d i c t i o n s  w i t h  t h e  exper imenta l  d a t a  w i l l  serve as t h e  
major j u s t i f i c a t i o n  BOP t h e  spcef f i c  a l t e r a t i o n s  proposed i n  
t h e  model. 
F i g u r e  7 . 4  i l P u e t r a t e e  s t i m u l i  from the t h r e e  s t i m u l u s  
c a t e g o r i e s .  S ince  f o r  ca tegory  p s t i m u l i  we  want t h e  model t o  
p r e d i c t  t h a t  t h e  d i r e c t i o n  o f  BF w i l l  be  c o r r e c t l y  p e r c e i v e d ,  
-
h 
we should u s e  the value  f o r  SFz c a l c u i a t e d  from 7.11. If 
h 
t h e  value s u b s t i t u e d  f o r  SFz i n  e q u a t i o n  7.1'2 i s  d e s i g n a t e d  
- 
SFZ t h e n  o u r  f i r s t  r u l e  is t h a t  
A 
1, If SF, = -cos (6) ( ca t ego ry  NP (7.14) 
n 
t h e n  set  Gz = SFZ 
For a c a t e g o r y  A s t i m u l u s  we shou ld  p r e d i c t  a pe rce ived  
d i r e c t i o n  o f  "down" between SF and -AZ. T h i s  w i l l  be 
- 
h 
accomplished i f  SFZ i s  decreased. The re fo re  
M STIMULUS 
E STIMULUS 
Ylgurc 7.4 Illustration of Spucific Force Stimuli for 
CdCugvrics A ,  14 and E 
For a ca t ego ry  E s t i m u l u s  w e  must p r e d i c t  a  p e r c e i v e d  
d i r e c t i o n  of "down" which d e v i a t e s  from -i by more t h a n  
-2 
A 
SF. - This  w i l l  be achieved i f  SFZ id i n c r e a s e d  (made l e s s  
nega t ive )  , T h e r e f o r e  
3.   if ,CpZ < -cos ( 0 )  (caGegory E) (9.16) 
A 
Thew s e t  Gz > SF, 
A 
Figure  7.5 p r e s e n t s  t h e  e x a c t  a l t e r a t i o n  o f  SF which 
a 
i s  necessary  t o  f i t  t h e  exper imenta l  d a t a .  F i g u r e  7.6 shows 
t h e  r e s u l t a n t  model f o r  pe rce ived  o r i e n t a t i o n .  The on ly  
d i f f e r e n c e  hetween t h i s  model and the ~ i m p b  modal is t h e  
A 
non l inea r  alkemration of  SFZ. % p  t h i s  model t h e  acce l e rome te r s  
a r c  presumed t o  have u n i t y  g a i n ,  S ince  most of t h e  o t o l i t h  
neurons w i t h  f u n c t i o n a l  p o l a r i z a t i o n  vectors which l i e  c l o s e  
t o  t h c  x y  p l a n e  a r e  u t r i e u l a r  in o r i g i n  and s i n c e  most of  
t h o s e  which have  s i g n i f i c a n t  components a long  iZ o r i g i n a t e  
from t h e  s a c c u l u s  t h e  acce l e rome te r s  i n  F i g u r e  7 . 6  a long  
i and i a r e  l a b e l e d  " u t r i c l e s '  and t h e  a c c e l e r o m e t e r  w i th  
-X -Y 
s e n s i t i v i t y  a l o n g  i. i s  l a b e l e d  " s a c c ~ b e . ~ '  The c o o r d i n a t e  
-2 
t r ans fo rma t ion  is i n s e r t e d  t o  t a k e  cognizance of t h e  f a c t  t h a t  
our  perception o f  "down" i s  u s u a l l y  r e l a t e d  t o  t h e  h e a d ' s  
CATEGORY N 
CATEGORY E 
F i g u r e  7.6 Model of Perceived Orientation 
p r i n c i p l e  axes and n o t  t o  Lx, i i . The c o o r d i n a t e  t r a n s -  y* -2 
format ion and no rma l i za t ion  i s  g iven  by: 
where LYIiD = i (head erect p i t c h  axis: p i t c h  forward 
9 p o s i t i v e )  
h i u  = yaw a x i s  whep head erect (yaw l e f t  p o s i t i v e )  
. . 
f i  
D O W N ~ ~ ~  
P. 
D O W N ~  HD 
,- 
D o h ' % ~ ~  
~ H I I  " LYHD ~ Z H D  (head e r e c t  ro l l  a%is;  r o l l  
r i g h t  p o s i t i v e )  
= 
r . 
cos ( 0 )  0 - s i n ( 0 )  
0 1 0 
sin ( 0 )  0 COB (0) 
> 
and 0 = t i l t  a n g l e  o f  t h e  average u t r i c u l a r  p l a n e  w i t h  
- 
respect t o  s a g i t a l  p l a n e  (25O w i l l  be used i n  
- 
N 
SFx 
e 
SF Y 
- 
SFZ 
s e c t i o n  7 . 3 ) .  
(7 .17)  
I f  t h e  f o u r  c o n d i t i o n s  d i ~ e u s @ e d  i n  s e c t i o n  7.1 a r e  pre -  
s u m d  t o  be met t hen  a  given expe r imen ta l  t r i a l  c an  b e  f u l l y  
s p e c i f i e d  by t h e  s p e c i f i c  f o r c e  v e c t o r ,  z. - SF w i l l  be  re- 
f e r r e d  t o  t h e  s t a n d a r d  head f i x e d  c o o r d i n a t e  system ( s e e  
F i g u r e  7 . 7 ) ,  The o r i e n t a t i o n  s f  - SF caw most eacj i ly  be p i c -  
t u r e d  i f  t h e  a n g l e  between t h o  maaiaw p l a n e  and a v e r t i c a l  
p l a n e  c o n t a i n i n g  - SF' i s  given (flsF) and the angle bezkweera 
SF and -.&is g iven  ($1 Onoe t h e  o r i emta t iow of SF i s  
- SF -
dete rmined  t h e  o n l y  pararas ter  which must be k n o m  Pe t h e  
magnitude o f  - SF which w i l l  be d e s i g n a t e 6  by GsF. 
The problem o f  how to intrn&et t h e  p r e d i c t e d  perception 
~f P'dmn'"i somewhat more d i f f g f c u l t ,  The i m p l i c i t .  aasump- 
e i o n  made by most expar imonters  Baas bean khat t h e  pe rce ived  
d i r e c t i o n  of "down" w i l l  always be Pa a plan@ which i n c l u d e s  
bo th  and - SF. I n  f a c t  from t h e  ear id~wee  given in t h e  l a s t  
A 
two s e c t i o n s  it seems more l i k@8y  t h a t  t h e  v e c t o r  - DOWN l i e s  
i n  a  p lane  which i n c l u d e s  Lz and - SF. T y p i c a l l y ,  in a l a t e r a l  
tilt exper iment  (e.  g., 908 tilt r i g h t  i n  l g )  a  subject 
would be asked t o  a d j u s t  the o r i e n t a t i o n  of a luminous P ine  
i n  t h e  f r o n t a l  p l a n e  u n t i l  it qppeared v e r t i c a l  but no t e s t  
would be  g iven  t o  see whether i n  t h i s  o r i e n t a t i o n  R e  might 
n o t  f e e l  t h a t h e  i s  o r i e n t e d  s l i g h t l y  face down or face up. 
Exper imental  d a t a  from Nelson [ 56 ]demons t ra ted  t h a t  when a  
s u b j e c t  a t t e m p t s  t o  p o s i t i o n  h imael f  to a 90" roll r i g h t  
i : Roll Axis (+ *Roll Right) 
-XHD 
~ Y H D :  pitch  xis (+ *Pitch Down) 
i 
-%hu8 Yaw A X ~ S  (+ *Yaw Left) 
Figure 7.'7 Orientation of SF With Respect to 
Head Axes 
A 
Figure 7.8 Orientation of DOWN -With Respect to 
head Axes 
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o r i o n t a t i o n  underwater he  sactuaPby en& up posiehonPng h i m e l  f 
s l i g h t l y  ( ~ 6 ~ )  f a c e up, Sine@ tbf5 daao%~&869s% wao &3~nwd t o  
bo s t a t i s t i c a l l y  B igwi f i can t  WB can anoum that %pa an e x p s r i -  
mcnt i n  whlch t h e  s d j e c t  i s  juet  roBdkadl 9QQ h e  must segaea 
t h a t  h i s  o r i e n t a t i o n  i s  s l i g h t l y  f a c e  dmw. 'Phi8 d e v i a t i o n  i s  
c o n s i s t e n t  w i th  t h e  mode% shown i n  F igu re  "16. The problem 
6 
which n a t u r a l l y  a r i s e s  is t h a t  if - DOWN is a p e e i g i e d  in t h e  
same way as - SF (by g i v i n g  v a l u a ~  for il and yD) then it D 
cannot  be r e a d i l y  compare@ t o  t h e  e q e r i m n t a l  data. Figure  
7 .8  shows how t h i s  eomparieon 6@ ~ i m p l i f i a d .  For an experi- 
ment i n  which t h e  s u b j e c t  i s  asked 80 i n d i c a t e  his p e r c e p t i o n  
of t h e  v e r t i c a l  by a d j u s t i n g  t h e  o r i e n t a t i o n  o f  a l i n e  i n  h i s  
f r o n t a l  p l a n e ,  t h e  d a t a  is eompa~od to t h e  a n g l e  RD (see 
Fj yure  7 . 8 )  which is t h e  a n g l e  $e must r o l l  i n  oxder  t o  p u t  h i s  
p e r c e p t j  on o f  "down" i n t o   hi^ m ~ l l i a n  p l a n e ,  Fo r  an  exper iment  
i n  which t h e  s u b j e c t  is aeked t o  fesdieak~ his p o m e i v e d  p i t c h  
anq lc ,  t h e  d a t a  i s  compared t o  t h e  a n g l e  PD, which Bo t h e  
ang le  h e  m u s t  p i t c h  backward t o  b r i n g  PIPE p@rcept i . sn  o f  "down" 
i n t o  t h e  iYkLDLZH1) p  l a n e .  I n  any exper iment  i n  which SF -
i s  i n  t h c  median p l ane  t h i s  d i s t i n c t i o n  is w p e c e s s a r y  s i n c e  
RD w i l l  e q u a l  z e r o ,  
F i g u r e  7.9 summarizes the model's p r e d i c t i o n  f o r  t h e  
pe rcep t ion  of l a t e r a l  tilt (qgg = 9 0 ° )  i n  a Pg and a 2g 
er~vironsnent.  The value of RD is p l o t t e d  as a f u n c t i o n  of 
INDICATES Tt IREEFOI .0  
STANDARD ERROR 
I 
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TILT ANGLE W I T H  RESPECT TO SPECIFIC FORCE (DEGREES) 
i I .  3 P Z c , t i ~ l  . L'rcdicCif~~~s for L~c!rci!ivcCL ' l l i 1 .L  n n q l ~ .  
. I S  LI FuiicCioll of Actual 'l'i1.L Angle i i . 1  I(; 
'&nu 2G Sr1uci.1 ic Forcc Envirvorncnts 
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%F f o r  GSp = 1 and GSF = 2. The d a t a  from Gch5ne [ 63 I 
which was g iven  i n  F igure  7 .2  i s  r e p e a t e d  a l o n g  w i t h  d a t a  
from M i l l e r  and Graybiel  P: 52 I .  The s m a l l  ar rows i n d i c a t e  
A 
how these pr .odic t ions  would change i f  t h e  a l t e r a t i o n  o f  SF 
Z 
shown i n  F i q u r c  7 .5  f o r  t ype  E s t i m u l i  i s  i n c r e a s e d ,  
F igu re  7.10 summarizes t h e  model 's  p r e d i c t i o n  
¶?ul t h e  pe rcep t ion  o f  p i t c h  [PSP = 0°) i n  l g  and  
2q cnvironrncnts.  The value o f  PD is p l o t t e d  as a f u n c t i o n  o f  
"s 17 f o r  GSF = 1 and 2 .  Most o f  t h e  expe r imen ta l  d a t a  a v a i l -  
able f o r  t h e  p e r c e p t i o n  of p i t c h  o r i e n t a t i o n  w a s  g a t h e r e d  
f o r  r e l a t i v e l y  s m a l l  p i t c h  a n g l e s  (US= c 4 0 ° ) .  F igu re  7 .11 
shows t h e  mode l ' s  p r e d i c t i o n s  o f  P a s  a f u n c t i o n  o f  USF D 
i n  t h e  r eg ion  from 0  t o  40 degrees  f o r  G S F  = 09, .5g, 
l.Og, 1 .3g ,  1 .6g  and 1.9g.  These cu rves  shou ld  be compared 
t o  t h e  d a t a  f o r  Schone and Cohen ( F i g u r e  7 . 3 ) .  The p r e d i c t e d  
d e v i a t i o n s  or t ho  pc rccp t ion  from t h o  t r u e  p i t c h  angle v a r i e s  
as a  f u n c t i o n  o f  l lc .p  and  GSP i n  exact ly  t h e  same way a s  does 
I, 
Schone's d a t a  r s c c p t  t l i a t  t h e  p r e d i c t e d  d e v i a t i o n s  a r e  on ly  
about  60C; a s  g r e a t  f o r  t h e  c a s e s  i n  which G > l g .  On t h e  S F  
o t h e r  hand ,  the n ~ o t i c l .  accounts  f o r  90% of t h e  p i t c h  percep- 
t i o n  exhibited by Cohen's d a t a .  These d i s c r e p a n c i e s  can be 
f i  A 
remedied i f  l:h~, a l t e r a t i o n  of S F z  i s  i n c r e a s e d  f o r  S F  <-cos(OI 
Z 
( c a t c q o r y  1.: s+:im~ilus) a s  shown in Figure  7 .12.  A s l o p e  of - 0 . 4  
i s  necdccl t o  f i t  Schonc 's  d a t a  w h i l e  a s l o p e  of - 0 . 1  i s  
s u f f i c i e n t  t o  f i t  Cohcn's data. .  The s m a l l  arrows p e r p e n d i c u l a r  
1 .  1 U WuclL!l 1'rcdict.iun:j for l'crcuivcd Pitcll A t i ( ~ 1 ~ :  
;,s a Fur~cLiol) of 'i',rui! L'itcir Alrc~lein 1G and 
Z r :  :;pcci.fic. 1?(1rcr L r i v i ~ o n n \ c n t ~ ;  
ACTUAL. PITCH 
ACTVbL PITCH ANGLE WITH 
WE8PEe"TfO SPECIFIC FORCE (DEGREES) 
I.'.iqusc I .  11 Nodcl PrcLiic.:tions fur Pcrceivcd P i L c i i  ~Viqi .!  
C I S  ii E'ullcLio11 of 'True P i L c i l  A ~ ; I J ~ L :  in V a r i o u : ;  
: ;pcc.ilic 1,'orcc Ll~viro~lmcnl::;  

t o  t h c  curvcs  i n  F igu res  7,PO and 7 .11  i l l u s t r a t e  t h e  d i r e c -  
I\ 
t i o n  i n  which t h e  p r e d i c t i o n s  move as t h i s  a l t e r a t i o n  o f  SFZ 
is increased. F i n a l l y ,  t h e  model p r e d i c t i o n s  were gene ra t ed  
uslrig a va luc  o f  25 degrees  f o r  ( t h e  a n g l e  between t h e  
avcragc  p l anc  o f  t h e  u t r i c l e s  rand t h e  i a x i s  ) w h i l e  t h e  
-XHD 
d a t ~ l  from SchGne would be b e s t  f i t  i f  an a n g l e  o f  approximately  
29 dcqrccs  wcrc used.  S ince  29 d ~ g r e e s  is w i t h i n  t h e  25-30 
decji-ec rangc normally a s s o c i a t e d  w i t h  t h e  o rhewta t ion  o f  t h e  
u t r l  clc:; t h i s  does  n o t  e o n a t i t u t a  a d i sc szpancy  a 
A l l  c a t ego ry  Pa s t i m u l i  caw be a u m d  up by s t a t i n g  t h a t  
t h c  model c o r r e c t l y  p r e d i c t s  t h a t  t h e  p e r c e p t i o n  o f  t h e  v e r t i -  
c a l w i l l  be a l i g n e d  w i t h  t h e  s p e c i f i c  f o r c e  v e c t o r  w i t h  essen-  
t i a l l y  no e r r o r .  The exper imenta l  j u s t i f i c a t i o n  f o r  t h i s  was 
d i scussed  a t  l e n g t h  i n  S e c t i o n  7 . 2  [11,12130,45,46,47,571.  
Whi.l.e i t  m i g h t  be noted t h a t  a l l  model p r e d i c t i o n s  and  
a l l  c!xlx!rirnental results which hav@ been g i v e n  a r e  f o r  c a s e s  
i n  w t i : i c h  t h c  s p e c j - f i c  f o r c e  v e c t o r  was i n  t h e  median p l a n e  
(pur l?  [ > i t c h )  o r  i n  thc f r o n t a l  p l a n e  ( p u r e  l a t e r a l  t i l e )  t h c  
moc1c:l i:; c<lp ;~hle  o f  g e n e r a t i n g  p r e d i c t i o n s  f o r  an a r b i t r a r y  
, 
conr,l . ;~nt s p c c i f i c  f o r c e  v e c t o r .  
7 .4 .  Summary 
The i l l u s i o n s  a s s o c i a t e d  w i t h  t h e  p e r c e p t i o n  o f  S t a t i c  
tilt i n  va r ious  s p e c i f i c  f o r c e  environments have  been r e -  
viewed ilnd t hen  c l a s s i f i e d  i n  such a  way t h a t  a s i m p l e  per -  
cep tua l  model cou ld  b e  developed t o  account  f o r  t h e  
avaj  ].able cxper imcnta l  d a t a .  The fundamental  conc lus ion  t o  
be drawn from t h i s  model i s  t h a t  t h e s e  i l l u s i o n s  can  be 
accounted f o r  by a s imple  n o n l i n e a r  t r a n s f o r m a t i o n  o f  t h e  
in format ion  (mainly from t h e  s a c c u l e )  r e l a t e d  t o  t h e  camponent 
of s p e c i f i c  f o r c e  p e r p e n d i c u l a r  t o  t h e  average  p l a n e  o f  t h e  
u t r i c l e s .  
INTEGT~TJON OF SEMICIRCULAR CAN= PAD WOLHTMI INPOR%TION FOR -
IYULTISENSORY STIMULI 
I n  t h i s  c h a p t c r  we c o n s i d e r  t h e  c l a s s  o f  s t i m u l i  spec i -  
f i c a l l y  cxcluded i n  Chapter  Three ,  namely t h o s e  s t i m n l i  which 
s imul . taneously  e x c i t e  t h e  s e m i c i s e u l a r  e m a l e  and the o t o l i t h s .  
r n  g c n e r a l i z i n g  t h e  s t i m u l u s  c l a e a  t o  h c l u d o  any combination 
of r o t a t i o n a l  a c c e l e r a t i o n  and t r a n s l a t i o n a l  a e e e l Q r a t i o n  i n  
t h r e e  axes ,  a  number o f  s i g n i f i c a n t  new problems arise ,  These 
problems and t h e  p h i l o s o p h i c a l  approach  t a k e n  t o  d e a l  w i t h  
them are d i s c u s s e d  i n  s e c t i o n  8.1. A rnatheiwitical model o f  
khe  p e r c e p t i o n  o f  dynamic o r i e n t a t i o n  which r e s u l t s  from t h e  
combined e f f e c t  of  a r b i t r a r y  angu la r  and t xans%at ion&% a c c e l -  
e r a t . j ons  i.s dcvcboped i n  s e c t i o n  8 . 2 ,  The r n ~ c l o $ ~ s  q u a l i t a t j . v e  
p r c d i c t i o n s  f o r  s e v e r a l  s t i m u l i  are a l s o  ddeeussed.  Quan t i -  
t a t i v c  p r c d i c t i o n s  from a  computer sirnu8ation o f '  t h o  rnodcl 
a r c  presented f o r  s e v e r a l  s t i m u l i  i n  s e e t i o n  . 8 . 3  a long  w i t h  
the model ' s  f requency response  f o r  s m a l l  p i t a h  and r o l l  a n g l e  
o s c i l l a t i o n s .  
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8 . 1  Discuss ion  of Model l ing Problems and Ph i lo sophy  
Before  d i s c u s s i n g  a n y  of the problems a s s o c i a t e d  w i t h  
t h c  i n t e y r a t i o n  of s e n s o r y  in fo rma t ion  from t h e  s e m i c i r c u l a r  
c a n a l s  and o t o l i t h s  it is  impor t an t  t o  c l a r i f y  what t h e  i m -  
p o r t a n t  perceptual .  o u t p u t s  o f  t h e  model should be. C e r t a i n l y  
we would b e  i n t e r e s t e d  i n  e s t i m t i n g  t h e  fo l lowing  q u a n t i t i e s :  
1. O r i e n t a t i o n  of t h e  head w i t h  r e s p e c t  t o  t h e  
g r a v i t a t i o n a l  v o r t  i c a l  
and 
2. Rate  o f  r o t a t i o n  o f  t h e  head about  i ts  t h r e e  
p r i n c i p l e  a x e s  
3 .  The t r a n s l a t i o n a l  a c c e l e r a t i o n  o f  t h e  head w i t h  
r e s p e c t  t o  i t s  three p r i n c i p l e  axes  
4 .  A d d i t i o n a l  q u a n t i t i e s  which a r e  d e r i v e d  from 
t h e  p receed ing  (e.g.  azimuth, t r a n s l a t i o n a l  
v e l o c i . t i e c  and t r a n s l a t i o n a l  p o s i t i o n s ) .  
The most impor tan t  o f  then@ is  t h e  d e t e ~ m i n a t i o n  o f  
o r i o n t a t i o n  wi th  r e s p e c t  t o  t h e  v e r t i c a l .  S t r i c t l y  speaking ,  
t h e r e  i s  no way o f  using in ;ormat ion which is  d e r i v e d  o n l y  
from t h e  o t o l i t h s  t o  d c t e r m i n e . t h e  d i r e c t i o n  o f  t h e  g r a v i t a -  
t i o n a l  v e r t i c a l  i f  t h e r c  is  no - a  p r i o l t i  in fe rn la t ion  r e g a r d i n g  
the cxpected v a r i a t i o n s  i n  o r i e n t a t i o n  o r  t r a n s l a t i o n a l  
a c c c l c r a t i o n .  The p r i n c i p l e  o f  equ iva l ence  i n  g e n e r a l  r e l a -  
t i v i t y  precludes such,  a s e p a r a t i o n  based p u r e l y  on measurements 
taken from l i n e a r  a c c e l e r o m e t e r s i  I n  t h e  language of modern 
c o n t r o l  s y s t c n ~ s  theory  any system comprised on ly  o f  l i n e a r  
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accl:l.croaneti.r:; is unobservable ,  How t h e n  are w e  c a p a b l e  o f  
d i s ~ i n g u i s k l i n g  a  change i n  o r i e n t a t i o n  w i t h  r e s p e c t  t o  t h e  
g r a v i t a t i o n a l  v e r t i c a l  from a change i n  a c e a % @ r a t i o n ?  The 
answer t o  t h i s  q u e s t i o n  has  two p a r t s .  F i r s t ,  we a r e  mot 
r c s t r i c t e d  t o  t h e  use  of l i n e a r  a c c e l e r o m e t e r s  ( o t o l i t h s )  
si.nco we a l s o  have a n g u l a r  veLoc$ty t r a n s d u c e r s  ( t h e  semi- 
c i r c u l a r  c a n a l s )  which i n d i c a t e  w i t h  r e a s o n a b l e  aeeuracy  
the r a t e  o f  change o f  t h e  h o a d o s  o r i e n t a t i o n  f o r  r o t a t i o n a l  
r a t e s  i n  t h e  f requency range from 0.1 rad /eca  t o  10  r ad / sec .  
Roughly speaking,  f o r  changes in .the directbepa o f  s p e c i f i c  
f o r c e  which occu r  i n  t h i s  f requency range  (as determined 
'from o t o l i t h  i n fo rma t ion )  t h e  d i s t i n c t i o n  between a change 
i n  o r e i n t a t i o n  w i t h  r e s p e e t  t o  t h e  g r a v i t a t i o n a l  v e r t i c a l  
and a t r a n s l a t i o n a l  a c c e l e r a t i o n  (or some combination of t h e  
two) can b e  made by n o t i n g  t h e  o u t p u t  o f  t h e  ~ e m i c i r c u l a r  
can,xls,  A:; the frcqu&ney o f  t h o  v a r i a t i o n s  in t h e  d i r e c t i o n  
of .tl~c s p e c i f i c  f o r c e  v e c t o r  d e c r e a s e s  below npl rad /eec ,  
in for lna t ion  from t h e  c a n a l s  becomes l e s s  and l e e s  u s e f u l .  
1:n ifact as  t:lic Crcquency of t h e s e  v a r i a t i o n s  approaches  zcro  
t h e  system i s  incapab le  of de te rmin ing  the g r a v i t a t i o n a l  
v c r l - j c a l .  T h c  second p a r t  of o u r  answer t .here fore  is t h a t  
Tar lower frccfucncy v a r i a t i o n s  t h e  sys tem canno t  concern 
i t x c l c  with Lhe t r u c  g r a v i t a t i o n a l  v e r t i c a l  b u t  must be 
c:o~~lrcrlt t o  c s t i m a t e  an  " e f f e c t i v e  g r a v i a t i o n a l  v e r t i c a l "  whi.cla 
ciin :;c:rvc a s  L~IC p r a c t i c a l  r e f e r e n c e  for man's normal 
a c t i v i t i c s .  The phenomenon of  a s s o c i a t i n g  t h e  g r a v i t a t i o n a l  
v e r t i c a l  w i t h  t h e  pc rce ived  d i r e c t i o n  o f  s p e c i f i c  f o r c e  f o r  
very low frequency ( e s s e n t i a l l y  s t a t i c )  s t i m u l i  was d i s c u s s e d  
i n  dep th  i n  Chapter  seven.  
Once t h e  d i r e c t i o n  o f  t h e  g r a v i t a t i o n a l  v e r t i c a l  is 
e s t i m a t e d ,  t h e  o t h e r  p e r c e p t u a l  q u a n t i t i e s  can b e  d e r i v e d .  
The s e n s a t i o n  of r o t a t i o n  abou t  an a x i s  p a r a l l e l  t o  t h e  per-  
ce ived  g r a v i t a t i o n a l  v e r t i c a l  (w ) w i l l  r e f l e c t  e x c l u s i v e l y  
- 1 1  
t h e  p r o p e r t i e s  of t h e  s e m i c i r c u l a r  c a n a l s  d e s c r i b e d  i n  Chapter  
T ~ K ~ : c .  
The pe rcep t ion  o f  r o t a t i o n  about  an  a x i s  p e r p e n d i c u l a r  
t o  t h e  pe rce ived  v e r t i c a l  ( w  ) should r e f l e c t  t h e  i n fo rma t ion  
-1 
a v a l l d b l e  from t h e  c a n a l s  and t h q  o t o l i t h s .  S i n c e  t h e  o t o l i t h s  
a r e  capab le  o f  sens ing  a c o n s t a n t  change i n  a r i e n t a t i o n  w i t h  
r e s p e c t  t o  t h e  g r a v i t a t i o n a l  v e r t i c a l  t h e  p e r c e p t i o n  o f  con- 
s t a n t  r o t a t i o n  about  a h o r i z o n t a l  a x i s ,  should  p e r s i s t  i n d e f i n -  
i t e l y .  Denson and Bodin (Ref.  $ ) and Guedry (Ref. 34 ) conf i rm 
t h a t  t h e  pe rcep t ion  of r o t a t i o n  does  indced p e r s i s t  f o r  prolonged 
ro t a t i . ons  about  a h o r i z o n t a l  cepha locauda l  axis. ' .  
The e s t i m a t e  of t r a n s l a t i o n a l  a c c e l e r a t i o n  is  e s s e n t i a l l y  
dctcrmined once t h e  d i r e c t i o n  of g r a v i t y  i s  e s t i m a t e d  s i n c e  
A = G - S F  - - (8.1) 
whr rc A - = t r a n s l a t i o n q l  a c c e l e r a t i o n  ( g ' s )  
C: = grav i t a t i ona l  v e c t o r  (normal ly  1 g)  
- 
and - SF = n e t  s p e c i f i c  f o r c e  v e c t o r  ( g a s )  
~ h c  o n l y  changc needed i n  equation 8-1 is t h e  replacement  o f  
eacll term by i t s  e s t i m a t e  be,g, da - by 1, - e tc , ) .  To m i n t a i n  
t h e  n o t a t i o n  used i n  c h a p t e r  s e v e n  t h e  estimate o f  G w i l l  be 
- 
A 
denoted by DOWN -s i n c e  t h i s  is more d e s c r i p t i v e  o f  i t s  per-  
c c p l u ~ l l  mcanillg: The  remaining p e r c e p t u a l  q u a . n i t i t i e s  ( a z i -  
muth, t r a n s l a t i o n a l  v e l o ~ i t y  and t r a n s l a t i o n a l  p o s i t i o n )  a r e  
o b t a i n e d  by i n t e g r a t i o n  a s  fol lows:  
A 
where Y is t h e  a n g l e  between t h e  p r o j e c t i o n  of t h e  head ' s  r o l l  
a x i s  (&,,HB) i n  t h e  e a r t h ' s  h o r i z o n t a l  p l ane  and some 
f i x e d  d i r e c t i o n  i n  t h a t  p l a n e  (e .g .  a v e c t o r  p o i n t i n g  
towclrtl t r u e  n o r t h ) .  
A 
o i s  t h e  pe rcep t ion  of r o t a t i o n  abou t  an  a x i s  p a r a l l e l  
-- II 
* 
V i s  t h e  p e r c e p t i o n  of l i n e a r  v e l o c i t y  
- 
A 
and - X i s  t h e  p e r c e p t i o n  of s p a t i a l  p o s i t i o n .  
Tn a l l ,  tllc n~odel shou ld  be capab%e o f  p r e d i c t i n g  1 5  
A q u a n L i t i c s  ( 3  assoc:iated wi th  ;, 3 a s s o c i a t e d  w i t h  A, 3 as so -  
- - 
A 
c i a t c d  w i t 1 1  V, 3 a s s o c i a t e d  w i t h  X, 2 a s s o c i a t e d  w i t h  t h e  
- 
A II 
d i r e c t i o n  of DOI.IN, and 1 a s s o c i a t e d  w i t h  Y ) .  O f  t h e s e  15 ,  
A 
t h e  2 a s s o e i a t c d  w i t h  t h e  d i r e c t i o n  o f  DOWN a r e  by f a r  t h e  
-
lnosl d i t f i . cu3 . t  t o  I I ~ O ~ P ~  qua l~ t ieb le ive ly  and f o r  t h i s  reason 
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t.lic. r ~ ~ r ~ r l ( : l  t l c v ~ : l . ~ ~ ~ ~ ~ r i l  i n  t h s  c h a p t e r  i s  c a l l e d  t h e  "down" 
c:;t i l~~aLor .  E~]urltiori3 8 .1 ,  8.2,  . 8 . 3  and 8 . 4  de te rmine  t h e  
A A A  A f i  ,. 
q u c ~ l i t i t i c s  A ,  - ' Y ,  V, - and X - as a f u n c t i o n  o f  DOWN and w 
-
-11 
a n d  t h e r e f o r e  t l ic  only  e s t i m a t o r s  which a r e  l e f t  t o  be  
,'. r A 
mod~..Ll~:d ;ire t h o s e  which g e n e r a t e  DOWN and w ( s i n c e  w,, i s  
- - 
Ir 
t h e  cornporient of - 6 p a r a l l e l  t o  DOWN). 
-
Before  cons i t l c r ing  t h e s e  e s t i m a t o r s  ( f o r  DOWN -and g )  i n  
d ~ . : t a i l ,  s e v e r a l  problems r e q u i r e  c o n s i d e r a t i o n .  The f i r s t  o f  
t1ie:;e i s  t h e  problem o f  r e c o n c i l i n g  what may s e e m  t o  b e  con- 
t rac l ic to ry  in format ion  from t h e  c a n a l s  and o t o l i t h s .  Three  
cx;~lr~j>lcs can be c i t e d  f o r  which t h e r e  e x i s t s  cor responding  
da t a . ,  The f i r s t  o f  t h e s e  i n v o l v e s  an  a b r u p t  change i n  t h e  d i r -  
cct,ic,li of tile s p e c i f i c  f o r c e  v e c t o r  r e l a t i v e  t o  t h e  head ( " r o t -  
a t i o n  in format ion"  from t h e  o t o l i t h s )  w i thou t  any correspond-  
i n g  i n d i c a t i o n  of r o t a t i o n  from t h e  c a n a l s  (e .g .  a i r c r a f t  
ca t , r l .~ul t  launch R e f .  18 , o r  a  change i n  t h e  d i r e c t i o n  of 
:;pc:c:.i fiic 1:orcc- (due. L O  r o t a t i o n  on a c c n t r i f u g c  ~ c f .  2 8  ) . 
A :-.gic:on~:l cxampli: ol: !;uch a c o n f l i c t  would a r i s c  i n  t h e  c a s e  
o t  'I c o ~ r r , l . ~ n t  ~-oCnt-.ion ahout  a h o r i z o n t a l  a x i s  which would 
lcad  t o  a  cont inuous ly  r o t a t i n g  s p e c i f i c  f o r c e  v e c t o r  bu t  
a j : l , . r - o  :.:i:cady stat:c o u t p u t  From t h e  c a n a l s  ( e . g .  a  barbecue- 
i t  i!x)?~:rinient R c C  4 , 5 , 3 ) .  F i n a l l y ,  s i t u a t i o n s  may 
. . 
'1.ri:;c i n  which the c a n a l s  i n d i c a t e  an a b r u p t  r o t a t i o n  abou t  
a  I l o r i zon ta l  a x i s  bu t  t h e  o t o l i t h s  i n d i c a t e .  no change i n  t h e  
direction of s p e c i f i c  force (e. g. a c o o r d i n a t e d  a i r c r a f t  t u r n  
or i . l ~ r . !  a t ~ r u l ) t  c e s s a t i o n  of r o t a t i o n  i n  a  b a r b e c u e - s p i t  experj.- 
merit Ref 4 , 5 , 34 Since  one or more examples from 
each of t h c s e  c a t e g o r i e s  w i l l  b e  t r e a t e d  i n  d e t a i l  i n  t h e  
rcm' t in inq  s c c t i o n s  o f  t h i s  c h a p t e r  it i s  unnecessary a t  t h i s  
p o j ~ l t  L o  g ivc  a  f u l l  account ing  o f  t h e  p e r c e p t u a l  responses  
exccq~L t o  say  t h a t  t h e  pe rcep t ion  o f  t h e  v e r t i c a l  f o r  these 
s t i n ~ u  li j:; most s t r o n g l y  a s s o c i a t e d  wi th:  
1. The low frequency p o r t i o n  o f  t h e  " r o t a t i o n  i n f o r -  
mation from t h e  o t o l i t h s  
p1u.j 2 .  t h a t  p a r t  o f  t h e  c a n a l  i n f o r m a t i o n  which is  
cons i . s t cn t  w i t h  khe high f requency  poxt ion  of t h e  
" r o t a t i o n  in format ion"  from t h e  o t o l i t h s .  
S i n c e  t h e  r a t e  o f  movement of  t h e  p e r c e i v e d  v e r t i c a l  may 
n o t  be c o n s i s t e n t  w i t h  t h e  e s t i m a t e  o f  r o t a t i o n  based  on ly  
upon cana l  i.nforma.ti.on t h e  q u e s t i o n  a r i s e s  whether  t h e  pe r -  
A 
c o p t j ~ c ~ n  of  r o t a t i o n  r c : r l e c t s  t h c  movement of - DOWN o r  c a n a l  
i n f o r n ~ ~ t i  I on o r  a  coml)jnation o f  the t w o .  I f  t h e  t i m c  h i s t o r i c ~ r ;  
A + 
of  Odr;JrJ an( I Gl- ( t : t rc!  colnponent o f  - 2 p e r p e n d i c u l a r  t o  DOWN) were 
t o  bc c o n s i r ; C - ( ~ ~ ~ t  t hcn  i n  t h e  s i t u a t i o n  i n  which t h e  d i r e c t i o n  
A A 
of 11@\\'N j.s c o n s t a l ~ t  it must fo l low t h a t  w - 0. The e x p e r i -  
- -1 - - 
mcnt..~l cvi<lcr~~.c% (1:c:f. 4 5 , 34  ) does n o t  c o n s i s t e n t l y  
-
A 
sup[mr t  this c o n c l ~ l s i o n  and t h u s  DOWN and may n o t  b e  i n  
-
-1 
a g r c c ~ ) l l ~ ~ n t .  Allrl~ouqh such  a  c o n t r a d i c t o r y  s e n s a t i o n  (of  r o t -  
a t i ~ ~ r j  but: n o t  chancling o n e ' s  p o s i t i o n )  seems d i f f i c u l t  t o  
ima~ j ine ,  it is a l s o  found i n  c a s e s  i n  whieh o t o l i t h i c  and 
v i s u a l  i.nformatj.on c o n f l i c t  (Ref. 21 ) and d u r i n g  c a l o r i c  
t e s t i n g .  The f a c t  t h a t  t h e s e  s e n s a t i o n s  a r e  c o n t r a d i c t o r y  
a l s o  compl i ca t e s  i n t e r p r e t a t i o n  of some o f  t h e  expe r imen ta l  
d a t a .  For example, i f  a n  exper imenter  asked a s u b j e c t  i f  he  
fu1.t 1ri.msclf r o t a t i n g  t h e  s u b j e c t  cou ld  answer e i t h e r  "yes" 
o r  "no" ( i n  f a c t  an answer of yes  and no would b e  more 
-
a p p r o p r i a t e !  1 . 
A second problem a r i s e s  i n  the c a s e  o f  s t i m u l i  which are 
p r e d i c t a b l e ,  u s u a l l y  because  t h e  s u b j e c t  is thoroughly  f a m i l i a r  
wi th  t h e  s t i m u l u s  from p a s t  expe r i ence  and is  a b l e  t o  recog-  
n i z e  the unde r ly ing  s t i m u l u s  p a t t e r n .  The phenomena a s s o c i -  
a t e d  w i t h  such  a s i t u a t i o n  a r e  s i g n i f i c a n t l y  d i f f e r e n t  t h e n  
t h o s c  which w e  a r e  a t t e m p t i n g  t o  model h e r e  s i n c e  t h e y  i n -  
volve t h e  complex problems o f  p a t t e r n  r e c o g n i t i o n .  Fur thermore,  
it j.s very l i k e l y  t h a t  t h e  processes  involved  i n  r e c o g n i t i o n  
a r c  s t r o n q l y  clcpcndent on t h e  s i m p l i c i t y  of  t h e  s t i m u l u s ,  t h e  
s u l ~ j c c t ' s  p a s t  cxposure  and many o t h e r  f a c t o r s  which would 
n~; lkcc  an accui:;tto ~ ~ r n d i . c t . i o n  of t h e  pe rcep t ion  o f  dynamic o r i e n -  
t a t - i o n  cxt:remcly d i f f i c u l t .  E'or t h e s e  r ea sons  t h e  s t i m u l u s  
c l a s s  f o r  wh ic l~  wc a r e  a t t empt ing  t o  model t h e  p e r c e p t u a l  
r e s l>o i~scs  w i l l  be  assumcd t o  be u n p r e d i c t a b l e .  
F i n a l l y ,  t h e  i .nformation upon which t h e  "down" e s t i m a t o r  
L,;L:;,::; i.ts c s t i m a t c  must be cons idered .  ~ l l r h o u g h  t h e  informa- 
t i o n  from two s e t s  of s e m i c i r c u l a r  c a n a l s  and o t o l i t h s  i s  
2ivailablc t o  t h e  b r a i n  it is unneccssary t o  was t e  computat ion 
ti~rtc performi.ng a d u a l  set of s enso ry  s imula t ions . .  For t h i s  
~:c;l:;Dll, the modcl sj .mulatcs cyc lop ian  s e n s o r s  l o c a t e d  n e a r  t h e  
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ccnlelr o f  t h e  s k u l l .  One c a s e  i n  which this s i m p 1 i f i c a t i o n  
cou ld  make a  c l i f fu rcnce  is one in which a  ve ry  r a p i d  r o t a t i o n  
of  t hc  head i s  made about  e i t h e r  t h e  yaw or r o l l  a x i s ,  i n  
which c a s c  t h c  o t o l i t h s  on e i t h e r  s i d e  of t h e  head would nor-  
mn1.l.y bc exposed t o  s l i g h t l y  d i f f e r e n t  s p e c i f i c  f o r c e  v e c t o r s .  
Since: n o  perceptual e f f e c t  has been a s c r i b e d  t o  t h i s  d i f f e r e n c e  
no th ing  i s  l o s t  by e l i m i n a t i n g  it, F i g u r e  8 , l  i l l u s t r a t e s  
tllc o r i e n t a t i o n  of t h e  t h r e e  c a n a l s  which a r e  a l i g n e d  w i t h  and 
s e n s i t i v e  t o  r o t a t i o n s  about  t h e  t h r e e  a x e s  i i and izc. 
-XCU -YC 
These axes  are e q u i v a l e n t  t b  t h e  axes  i i and ie i l l u s t r a t e d  
-xR -y 
in F igu re  4 - 1  e x c e p t  t hey  a r e  r o t a t e d  + 4 5 O  abou t  iZ = izcm The 
c a n a l  l a b e l e d  LH has  an a f f e r e n t  response e q u i v a l e n t  t o  t h a t  
of  t h e  l e f t  h o r i z o n t a l  c a n a l  and o p p o s i t e  t o  t h a t  o f  t h e  r i g h t  
h o r i z o n t a l  c a n a l ,  The c a n a l  l a b e l e d  RS has a  r e sponse  equi -  
v a l c n t  t o  t h a t  o f  t h e  r i g h t  s u p e r i o r  canaP and o p p o s i t e  t o  
thal: or tl~c lcIt po:~ter i .or  cana l .  Finally t h e  c a n a l  Labeled 
1,s has a  rer;[joll..;cl c c ~ u i v a l e n t  t o  t h a t  o f  t h e  l e f t  s u p e r i o r  c a n a l  
and o p p o s i t e  t o  t h a t  of  t h e  r i g h t  p o s t e r i s r  c a n a l .  Each c a n a l  
anti  t h c  ol7tiiui11. e s t i m a t o r  f o r  t h e  rotational r a t e  abou t  i t s  
a s s o c i a t e d  a x i s  is  modelled by t h e  dynamic model and  Kalman 
fi.l tc,r dcvc!lo~>cd i n  s e c t i o n  3.1. The o t o l i t h  models f o r  t h e  
u t r i c l e  i l i l c l  s a c c u l e  a long  w i t h  t h e i r  a s s o c i a t e d  p r o c e s s o r s  
which wcrirc dcvcloped i n  s e c t i o n  3 , 2  a r e  used t o  g e n e r a t e  t h e  
e s t i m a t e  of s p c c i f i c  f o r c e .  One u t r i c u l a r  s e n s o r  is  a l i g n e d  
w i t 1 1  i t s  n ~ a  jor a x j s  o f  s e n s i t i v i t y  a long  i = i and one a long  
-xo -x 
i = i  
- 0  -Y ( s @ c  F igu re  3 . 1 ) .  The s a c c u l a r  s e n s o r  i s  a l i g n e d  w i t h  
Sensitivity Same as 
RS Right Superior Canal 
LS Lefr Superior Canal 
LH Left Horizontal Canal 
3 
Figure 8.1 Orientation and Sensitive Axes of 
Cyclopian Semicircular Canal System 
i - i = i (see Figures '9.1 mdl 8.1) .  
-ZO -2 -zc 
Figure 8 * 2  s w i m a ~ i z e ~  t h e  imforrnationa a v a i l a b l e  t o  t h e  
"down" es t imator .  The a l t e r a t i o n  of saccuPar information shown 
i n  Figure 8 - 2  is i d e n t i c a l  t o  'chat developed i n  Chapter Seven 
and i t s  presence insures  t h a t  t h e  s teady s t a t e  performance o f  
the s'down" es t imator  f o r  s t a t i c  t i l ts  w i l l  be c o n s i s t e n t  with 
t he  p red ic t ions  made i n  t h a t  chapter .  The es t imates  of ro ta -  
t i o n  based upon cana l  information and speenf ic  fo r ce  based 
upon o t o l i t h  information a r e  t r ans fomed  from sensor  t o  head 
coordinates  before  being used by t h e  "downoo es t imator  s i n c e  
t h e  p r i n c i p l e  head axes a r e  t h e  most n a t u r a l  coordinates  t o  
which t o  r e f e r  ou r  concious percept ions  of &ynardc o r i e n t a t i o n ,  
A 
Coordinate  
Transf ormatior 
Sensor --.head 
. 
'. 
Arid \ Coordinate 
Spontaneous \ \ Sensor-head l r i s c i ~ a r g e ,  \,A£ ferent R) 
Varying oase 
Rate  a i d  
Measureinerit 
i4ois.e 
I 
Available 
Informat ion 
1 J 
- . .. Figure  8 . 2  Informati011 Available t o  DCjiv'ti Estimator 
-
After numerous elgosithms were developed in en attempt 
to successfully produce an estimator with the desired quali- 
fications, one was found which fulfills all of the require- 
ments discussed in section 8.1 and which yields very reason- 
A l e  quantitative results (see section 8.3). The discrete 
"down" estimator is illustrated in figu~ss 8 . 3  and 8.4. The 
information available to the "down' s~tismateg at the begin- 
* 
ning of each update is the old estimate of down, - DOhX(t-At) 
A 
and the new estimates based upon canal information (uaD(t)) 
A 
and upon otolith information (SPLgg( t )  - .  Figure 8 . 3  illus- 
trates the calculation of the updated perception of down, 
A 
DOWN(t) - and Figure 8.4 BlBustrates the updated perception of 
A 
rotation, w(t). - ~ a c h  element 0% the model i s  Babeled with 
a letter from A to L for easy reference and will be discus- 
sed in alphabetical order. 
The first element, labeled A and marked with an X, 
represents the following computational procedure: Produce 
~. 
a vector d A  which is in the direction SF,D(t-~)XSFHD(t+~) S F  
and which has magnitude equal to the angular rate of change 
A 
oi the direction of SFHD at time t. In the computer simu- 
,. 
lations carricd out ill section 8 . 3 , ~ ~ ~  was calculated each 
A 
second (t = 1,2,3,4, ... ) and SF was calculated on the 
-HD 
1 3 5  half second (t = - - - AT *..) SO E = - = 2 .!5 seconds, wGF 2,292, 
Figure 8.3 a)wN E s t i m a t o r  
Figure 8 . 0  w Estimator 
- 
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represents the information available from the otoliths con- 
cerning the rate of rotation of the head - if it were assumed 
that - SF was fixed in space. 
The low pass filter, labeled B, performs the function 
of separating out the low frequency component of GF which 
is assumed to arise from the change in the body's orientation 
wlth respect to the gravitational vertical. The output sig- 
nal GF is intended to fill in the low frequency information 
,. 
missing from the canal signal W , H ~  for rotations about a 
horizontal axis. wH is the high frequency component of 
-SF 
w *  and typically arises from both transient linear acceler- 
-SF 
ations and abrupt changes in the head's orientation with 
respect to the gravitational vertical. The best time con- 
stant for the low pass filter was found to be approximately 
35 seconds. 
The transformation labelea C produces a rotation vector 
%11,0 from g-ip as follows: 
- 
 
Component of EgF which is perpendicular to 
%TO the plane of SFhD A and D*(t-~t) (8.5) 
It ]nay seem odd at first that this transformation allows 
A , 
rotations wl~ich would by themselves move DOWN -away from 2. 
The reason for this is that such rotations are necessary to 
ccincel the canal signals which arise when prolonged rotations 
are suddenly stopped. It is this mechanism which helps to 
predict the stabilization of the perception of orientation 
when prolonged rotations about a horizontal a x i s  are abruptly 
terminated as was found e%parimentally by Benson and Bodin 
(Ref. 4, 5 ) and Guedry (Ref. 3 4  ) .  In all the simulations 
carried out no case has been encountered in which SCC (which 
will be discussed next) did not cancel completely any ROTO 
A A 
which would move DOWN -away from - SF. Hf suck a case occurred 
it would appear reasonable to decrease the magplitude of STO 
until the net cffect of = - 
~ S C C  would be to mini- 
,. 
mize the misalignment of DOWN and - SF after rotation. The 
combined effect of elements A r  B and 6 in figure 8.3 is to 
produce a'rotation vector from the current and past 
estimates oP - SF which represents the low frequency rotational 
rate information due to the otoliths. 
We mow turn oar attention to the information available 
from the canals. The rotational information from the semi- 
circular canals must be consistent with the high frequency 
sensations arising from the otoliths (represented by 
if it is to be used to update the sensation of orientation 
~ ~ 
with respect to the vertical.The portion of ~_~,,(t) which is 
consistent with Gp is denoted by & and is calculated by 
t h e  following procedure: 
A 
1) Calculate tnc component of -zHD(t) which is paral- 
Call this component C. 1e.l to E,,. -
2) If C - is in a direction opposite to Gp then set 
3 )  B f  - C is in the same direction as Gp then set 
h 
Thc portion of w (t) which is inconsistent with gF is 
-HD 
i denoted by and is given by 
,-. A 
The reason that -w (t) (instead of G t ) )  was compared 
-KD 
wlth *EF is that for a positive perception of rotation the 
corresponding rotation of the g vector woula be negative. 
While experimental evidenae clearly indicates that the 
effect of & on the perception of orientation is minimal it 
is not clear that it has no effect in the very short term 
( ~ 1  sec) . For this reason wi ia passed through a high pass 
-C 
filter (E) of the form T s/(~s+l) where 1 < 1 sec. For the 
catapult launch simulation described in section 8.3.3 T 
could be no higher than .25 seconds to retain reasonable 
results. A value of r = 0 wauld not be inconsistent with 
any available experimental evidence. 
The rotation vector due to canal information is denoted 
by see. EScc is computed by taking the sum of wC and the -C 
rcsult of filtering wi and then eliminating the comEonent 
-C 
which is parallel to the last estimate of down (since this 
m 
component is ineffective in changing the direction of DOWN -
relative to the head). 
%oa i s  t h e n  computed by s u b t r a c t i n g  SCC from I&TO. 
%oa r e p r e s e n t s  t h e  e s t i m a t e  o f  t h e  r o t a t i o n a l  r a t e  of  t h e  
o u t s i d e  world around an a x i s  p e r p e n d i c u l a r  t o  $Re las t  e s t i -  
mated d i r e c t i o n  of down f o r  t h e  purposes  of upda t iny  t h a t  
A 
e s t i m a t e .  The t r a n s f o r m a t i o n  l a b e l e d  G upda tes  DObVM(t -At )  - 
u s i n g  I&Qoa. The o u t p u t  o f  G is denoted  by D l ( % )  - and 
s a t i s f i e s :  
,. 
1) ~owta(t-At) x Dt (t) is i n  t h e  same d i r e c t i o n  a s  WaoT 
- - - 
and A 
2 )  t h e  a n g l e  between D O W N ( t - A t )  - and D v  - (t) is g iven  by 
The re fo re ,  i f  = 30 degreep/sec.and At = 0 . 5  seconds 
A 
DOWN w i l l  be r o t a t e d  about SOT by 15 d e g r e e s .  
-
D8(t) - would 11orma1ly be  cons ide red  t h e  new e s t i m a t e  of 
"down" excep t  t h a t  because it i s  gene ra t ed  through t h e  i n -  
t e g r a t i o n  of r a t e  in format ion  it i s  bound toaccumula t e  e r r o r s  
which must be e l i m i n a t e d  i f  pe rmanen t .d i sc rapanc ie s  a r e  t o  
be avoided.  T h i s  i s  accomplished th rough  a  slow r e d u c t i o n  
A 
of  any d i sc repancy  i n  d i r e c t i o n  between D s  - and SF - (e lements  
H and I ) .  Thc time c o n s t a n t ,  T i s  q u i t e  l a r g e  bu t  was P' 
found  t o  be a weak f u n c t i o n  of t h e  magnitude of t h e  s p e c i f i c  
0 
f o r c e  v e c t o r  (as  (SF( i n c r e a s e s ,  5 d e c r e a s e s  and D '  moves 
- - 
tow,~rd - S F  marc? r a p i d l y ) .  5 i s  g iven  by 
The net effect of h and I is that in the steady state 
the subject adopts the estimated specific force vector, 
based on otolith information, as the correct direction for 
A 
DOWN. - This insures that the steady state response of the 
model will exhibit the perceptual errors modelled in chapter 
Seven. 
* 
The resulting estimate of DOWN(t) - represents the model's 
prediction for the subject's perception of the direction of 
the gravitational force vector with respect to his head. 
This estimate is then used at time t + At to generate a new 
estimate. 
The model for predicting the perceived rate of bodily 
. . 
rotation is shown in Figure 8.4. w (t) is found simply by 
- 1 1  
C * 
taking the component of u&,(t) parallel to -(t). w_ij is 
defined to be the bodily rate of rotation which would be 
.. 
consistent with the rate of change of the direction of DOWN. 
The transformation K 1s similar to that at A in figure 8.3 
except for a minus sign. w (t) is formed by: 
-1 
1) calculating the difference between the component 
A 
Of %ID (t) which is perpendicular to - DOWN and 25 
2 )  passing this difference through a high pass filter 
(L) 
and tnen 
3) adding the resulting output to w&. 
This arrangement accepts the re%a!cdvely high frequency changes 
in rotation rate indicated by tka semicircular canal system 
* ' 
while deferring to the rate of rotation consistent with BOW -
for lower frequency changes. Data from Beneon and Bodin 
(Ref. 4, 5 ) indicates that a filter of the form 8/(~S91) 
with T = 0-5 seconds should be sufficient (if T = 0 then 
* A * 
w - (t) = W A  and w kould be eonsi~tent with DOWN). The total 
-B -h P 
A A 
sense of rotation, - w (t) , is given by the sum of w_ (t) and 
A 
I! 
This completes the component by component review of the 
model. Before describing the quantitative results which were 
produced by.cornputer simulatia~, several examples of qualita- 
tive predictions will be given, 
First consider a standarg sate aircraft tarn which is 
abruptly stopped by rolling out of the turn rapidly into level 
flight. Just before the rollpat the subject will perceive 
himself to have zero roll angle with respect to the earth 
vertical and a slightly pitched back orientation due to the 
slightly increased g force in &he turn (elevator illusion). 
In addition he will have no sense of rotation since the canal 
response to the rotation of ghr aircraft has long since 
decayed to zero and w n  = 0. During the roll out the specific 
-D 
force vector will remain aligned with the yaw axis of the 
.. 
body and diminish in intensity to lg. - SF will therefore 
slightly diminish in intensity and wig1 pitch about 1 or 2 
degrees (to eliminate the slight pitched back sensation). 
n 
Since the direction of - SF remains practically constant the 
otolith pathway to QTO can be considered inactive. Since 
h 
wH will also eq~al zero all of w 
-SF will be considered 
- t i D  
A 
inconsistent (both that part of w 
-?iD generated by the rolling 
out rotation and that due to the after sensation of stopping 
A 
the aircraft's turn rate). Consequently all of w is 
- H D  
passed through the high pass filter and is quickly reduced 
to zero. Therefore, for rough calculations R = 0 and 
S C C  
6 
except for the elimination of the elevator illusion DOWN -
will remain essentially unchanged and the subject should 
sense that He is erect. 
Since - DOWN is essentially unchanged $ in figure 8.4 
* 
is approximately zero. The component of w d D  which arose 
from the roll out motion of the aircraft is 1 to DOWN and 
will therefore be assigned to to;. Since UI = g, w _ ~  is set 
equal to w '  and is high pass filtered with a time constant 
-I 
A 
less than 5 seconas. ~d(t) equals the output of this filters 
(since w = 0 )  which merely implies that the rolling sensa- 
-D 
tion is shorter lived (due to the high pass filter) than it 
would have been if the otolith information had not contra- 
, 
dicted it. The component of w A P  which arose from the air- 
craft stopping its rate of turn will be in the opposite 
direction to the original turn and will be essentially paral- 
lel to tne direction of DOWN. Therefore this component of 
-
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A A 
~ 1 1 l J  will become K,, (t) and will. not be diminished, The 
s e n s a t i o n s  described above are consistent with the dlLuslons 
known to be associated with aircraft flight. Circmstances 
which could interfere with thtase illusions are the following: 
1) a passenger with extensive flying experience who 
expected the turn or roll out might be capable of 
interpreting the sensations correctly. 
2) The pilot who initiatad the roll out would certainly 
have little inclination towards il%asiows, 
or 3) Any visual information would affect the predicted 
perception since the ktade.1 presumes that there are 
no visual cues. 
A second example is that of a step in lateral acceler- 
ation o f  lg. Initially the subject correctly perceives him- 
self to be in an erect position in lg, Since the subject is 
never rotated during the experiment the canals are not stimu- 
.. 
l a t ed  and w = 0. R e f e r r i n g  to figure 8 - 8  we can conclude 
-HB - 
that : 
n A 
u (t) = (t) [l - - 
- l%~(t) 
TSSL 
The only active pathway in figure 8.3 is that for the 
A 
information from the otoliths, SF will move very rapidly 
toward SF and then s t o p  which will induce a rapid rise in 
f o l l u w c d  quickly by a rapid decay to zero. :iF will !":;,7 
risc quickly during tllc period in which w A  is large and 
-SF 
will tllcn slowly decay to zero. Since wL is perpendicular 
-SF 
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* h 
to both uOWN(t-At) and SF itwill pass through C and sTO - 
- -1 
A C. 
w Finally DOWN -will move toward - SF at a rate proportional 
-SF' 
to the magnitude of c:F (actually a little faster since the 
lower pathway in figure 8.3 will help somewhat in moving 
.. 
DOWN toward SF). Figure 8.5 shows a rough sketch of the 
approximate time course of these signals. Note that since 
this stimulus is of type N (see Chapter seven) the steady 
state perception of down should align itself with the true 
specific force with no error. 
The last case to be considered before presenting quanti- 
tative results is the phenomenon associated with the experi- 
ments of Benson and Bodin (Ref. 4, 5 ) and Guedry (Ref. 34 ) .  
For a steady state rotation of w - about a horizontal axis: 
%cc -* 0 - 
W 
L 
-SF + G F 1 &  
- L 
%TO 
A 
- ESL 
A 
and DOWN + SF =SF 
- - -
~ a c h  of these can easily be understood by reference to 
Flgure 8.3 except posslbly the last relation. It is clear 
tlrat - DOWN wlll approach - SF if it is understood that the Pate 
,. 
oL rotation of DOWN(%D) - will eventually match that of SF -
since approaches the true rotation rate and any constant 
discrepancies (phase lags) will be eliminated by the lower 
Time (Seconds) 
17iyurc b . 5  Approxin~ate Time Course of Model Parameters 
and Resporise to lG Step in Lateral Acceleration 
pathway. Consequently the subject's steady state sensation 
of rotation during the period of rotation should correctly 
reflect the true rate of rotation (w_  = a). - 
Immediately after the rotation stops we can predict that 
kigure 8.3) : 
,. 
W 
tiU will quickly -. * -- and then decays to zero 
(this is the typical velocity step response of 
the canals) 
w A  will quickly + 0 
-SF - 
w H  will quickly + +w and then decays to zero 
-SF - & will quickly -+ -w - and then decays to zero 
(8.12) ScC will quickly -+ -w - and then decays to zero 
%TO will remain at -w and then qecays to zero - 
- R - SOT - -OTO ESCC will quickly j+ - 0
and furthermore (figure 8.4) : 
W-D will quickly + 0 
A A n 
= E~~ (since sL) -L DOWiJ) ancl w = 0 
-A - - I1 
and 
Therefore the model predicts that while a subject 
should perceive that his position with respect to the verti- 
cal is not changing after the rotation ceases he may have 
(depending on the value of T chosen) a brief sensation of 
rotation opposite to the original rotation. Benson and 
Boden (Ref. 4, 5 had Borne subjects who reported a brief 
sensation of rotation and some who didn't, Whether this 
C 
discrepancy in reporting is due to the conflict between DOWN -
and w - or due to different subjects having different values 
of T is unclear. That subjects perceive themselves to have 
a constant orientation relative to the vertical (DOWN -constant) 
is not in question. Bensow and Bodin report ",,.that they 
(the subjects) were quite aware that the stretcher had 
stopped and of its position relative to the gravitational 
vertical..." Similar stimuli and reports of subjective 
responses are described in Ref. 34 . 
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8.3 Quantitative Model Predictions 
The model developed in this chapter has been computer- 
ized so that quantitative predictions can be made for arbi- 
trary stimulus combinations. The programs were written in 
Fortran IV and they include all functions shown in figures 
8.2, 8.3 and 8.4. Although the model could be implemented 
with any update interval, At = 1 sec.was chosen as a reason- 
able compromise between computational efficiency and simula- 
tion bandwidth. One update interval takes approximately .08 
seconds of central processor time when utilizing an IBM 370- 
165 computer: 
8.3.1 Dynamic Elevator Illusion -
In Chapter Seven the elevator illusion was discussed 
and a model which correctly predicts its cccurrence and magni- 
tude was developed. The transition from head erect in lg 
to the perception of backward tilt with the head erect in 
1.75 g was used as a test of the dynamic model developed in 
thls chapter. The stimulus input to the model consists of 
a step in upward acceleration of .75g after the model was 
stabilized with head erect in lg. No rotation stimulus was 
used. Figure 8.6 shows the time course of the predicted 
pitch sensation which resulted. Superimposed on the model's 
prediction is the data from Cohen (Ref. 17 ) in which subjects 
Perceived Pitch 
Ohientation (Degrees) 
(-  -Pitch Back) 
0 Data from Cohen (Ref.17) 
&Pitch? Perception When Head 
Erect in 1G 
Figure 0.6 Dynamic Elevator IPlusion (1.75G) 
were given essentially the same stimulus except that the 
acceleration was produced by a centrifuge. Cohen's subjects 
perceived a maximum r:hange in pitch orientation of approxi- 
mately -lgO. The discrepancy in the magnitude of the steady 
state illusion is discussed in Chapter Seven. 
8 . 3 . 2  Rotation to Lateral Tilt of 5 Degrees 
Experiments were conducted in the Man Vehicle Laboratory 
by Tang (unpublished) in which subjects who were originally 
erect were tilted 5" laterally over a period of 5 seconds 
and then held at 5' for several minutes. During the entire 
period of the stimulus the subjects were instructed to adjust 
a line to their perceived vertical while being deprived of 
visual cues. The orientation of the subjects' head was con- 
trolled by using a bite board. The time course of the lateral 
tilt was recorded and used as the stimulus input for the model 
shown in Figurcs 8.2 and 8.3. Figure 6.7 shows the stimulus 
and the resulting prediction of the perception of lateral 
tilt. The records of subject responses were used to find the 
average pcak perception of tilt and the time of its occurrence. 
In dddition the average perception of tilt after one minute 
was calculated. These experimental data points are shown in 
tho figure. 
8.3.3 Catapult Launch 
- 
Actual Tilt Angle 
Data From Tan% (unpublished) 
Mean Time to Peak 3 .85P1.56  Seconds 
Peak Perception 4.72t1.77 Degrees 
Perception at t=60 4.37k1.43 Degrees 
Time (seconds) 
Figure 8.7 Perception of Lateral T i l t  
Cohen et, al. (Ref. 18 ) used a centrifuge to simulate 
thc accelerations encountered in a typical aircraft catapult 
launching. The average acceleration profile used by Cohen 
is shown in Figure 8.8 along with an actual catapult launch 
acceleration profile. Figure 8.9 illustrates the manner in 
whlch the acceleration was generated on the centrifuge. The 
following acceleration profile was used in the simulation of 
the "down" estimator: 
A~~~ = 3.8SXN(nt/3.2)g t < 3.2 seconds (8.14) 
= 0 g t > 3.2 seconds 
The rotation profile used in the simulation is given by: 
Figure 8.10 illustratcs the movement of DOWN -in response to 
this stimulus. In addition to the pitch sensation for which 
Cohcn et. al. tested, the model predicts a possible rolling 
sensation. If this rolling sensation is truly absent then 
the time constant in the high pass filter (element E of 
figure 8.3) should be reduced to zero. If the sensation of 
rolling is even greater, then T should be increased above 
.25 sec. Figure 8.11 compares the pitch response of the model 
to the data given by Cohen et. 81. The above simulation was 
rerun with uZHD = 0 (representative of a real catapult launch) 
and the predicted perception of pitch was essentially the same. 
(From Cohen et al Ref. 18) 
-,Catapult Launch 
Figure 8 . 8  Comparison of the Gx Accelerations Recorded 
in Catapult Launch and Centrifuge Simulation 
"R="x (Prom Cohen et al Ref. 18) 
C e n t r ~ f  ugc Arm Centrifuge Arm 
Deceleratl~~g Accaferating 
Figure 8.9 Schematic Representation of a Catapult 
Simulation on the Human Centrifuge 
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Pitch Ilown (PD) Degrees 
A 
F i g u r e  8.10 Movement of DOWN for Catapult  Launch Simulation 
P i t c h  Perception ( P  ) D 
Model 10 Second Averages 
+ 10 Second Averages from Cohen e&aL ( R e f .  18) 
Time  (seconds) 
Figure 8.11 Pitcfl Perception for Catapult Launch Simulation 
8.3.4 Frequency Response for Small Pitch and Roll Oscillations 
The model's use of otolith and canal infonitation can 
be best understood by comparing the frequency response of the 
model to that of the sensors. Since the model has nonlinear- 
ities for large tilt angles and for conflicting sensory 
informatlon, it is important to confine the oscillations to 
small angles (<lo0) and to insure that only simple tilting 
or pitchlng stimuli are used. The response is essentially 
the same in both pitch and roll 80 only the data from the 
roll stimuli will be illustrated. Eight frequencies from 
.05 to 2.1 rad/sec were tested with stimulus amplitudes of 
5-10'. Lower frequencies were not tested since extremely 
long and therefore costly simulations would be necessary. 
Higher frequencies could not be tested since the update 
interval for the simulation was 1 second. Figure 8.12 shows 
the phase response of the model for these frequencies. The 
amplitude response of the model is within 5% of unity over 
the range of frequencies tested. It is clear from Figure 
8.12 that for low frequency stimuli the model relies on oto- 
lith information and for higher frequency stimuli the model 
relies on informatlon from the semicircular canals. The 
crossover frcquency is approximately at .5 rad/sec. Nashner 
(Rcf. 55 ) found a crossover frequency of approximately 
.lIIZ = ' 6 2 8  rad/sec from experiments involving postural 
control of pikch orientation. Since the phase and ampli- 
6 0 
50 
4 0 
30 
Semicircular Canal 
20 Phase Angle 
kl 
N 
m 
0 
-10 
-20 
-30  
-40 Otolith Phase 
-50 
-60 
0 Phase Angle determined by 
Model Simulation 
Figure 8.12 Phase Response of Combined Model to Small. 'Tilts (<I#) in Bitch and/or Roll 
tude responses are so close to that of a unity gain for 
frequencies up to about 3 rad/sec the model predicts that 
our perception for small random tilt oscillations about a 
head erect positioh in lg should be essentially correct. 
In this chapter a model for the perception of dynamic 
orientation resimlting from stimuli which involve both the 
otoliths and the semicircular canals was developed. The model 
was applied both qualitatively and quantitatively to several 
such stimuli and its predictions evaluated. In all cases the 
model predictions were in substantial agreement with the 
known illusions or with the relevant experimental data, 
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CHAPTER I X  
CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH 
Human p e r c e p t i o n  o f  dynamic o r i e n t a t i o n  based upon 
v e s t i b u l a r  in format ion  has  been modelled f o r  nea r - th re sho ld  
and s u p r a t h r e s h o l d  s t i m u l i .  Before  t h e  p r o c e s s i n g  o f  
v e s t i b u l a r  i n fo rma t ion  cou ld  b e  modelled it was neces sa ry  t o  
model t h e  l n fo rma t lon  a v a i l a b l e  from t h e  p e r i p h e r a l  s e n s o r s .  
Onc conc lus ion  w h ~ c h  can be drawn from t h e s e  models o f  
a f f e r e n t  response  is t h a t  w h i l e  it i s  p o s s i b l e  t h a t  l i t t l e  
o r  no c e n t r a l  p roces s ing  i s  t a k i n g  p l a c e  f o r  s imple  c a n a l  
stimulation it is almost  c e r t a i n  t h a t  significant dynamic 
p roces s ing  is occurr ing i n  t h e  c a s e  o f  s t i m u l i  which o n l y  
involve  o t o l i t h  function. Furthermore,  it has been demon- 
s t r a t e d  t h a t  t h e  d i f f e r e n c e s  between t h e  a f f e r e n t  responses  
observed f o r  t h e  o t o l i t h s  and t h e  s u b j e c t i v e  responses  
seen  i n  psychophyslcal  exper iments  can b e  r e c o n c i l e d  and t h a t  
t h ~ s  r e c o n c i l i s t ~ o n  i s  c o n s i s t e n t  w i t h  t h e  assumption o f  
op t imal  p roccs s inq  b y  t h e  h i g h e r  c e n t e r s .  
The conc lus ions  which can be drawn from t h i s  r e s e a r c h  
ahout t h c  p roces s ing  o f  v e s t i b u l a r  a f f e r e n t  i n fo rma t ion  by t h e  
br; l ln arc summarized i n  t h e  fo l lowing  two s e c t i o n s .  F i n a l l y ,  
tho c h a p t e r  concludcs  w i t h  some s u g g e s t i o n s  f o r  r e s e a r c h  
whlch could  ex tend  t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  t h e s i s .  
9.1. 
Before a reasonable  model cou ld  b e  c o n s t r u c t e d  t o  p r e d i c t  
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t h e  d e t e c t i o n  p r o b a b i l i t i e s  f o r  a r b i t r a r y  n e a r  t h r e s h o l d  
s t i m u l i ,  i t  was neces sa ry  t o  de te rmine  t h e  basic mechanism 
which gave rise i o  s enso ry  t h r e s h o l d s .  Two fundamental ly  
d i f f e r e n t  mechanisms were cons ide red ,  The f i r s t  h y p o t h e s i s ,  
c a l l e d  t h e  "s imple  t h r e s h o l d  model," c o n s i s t e d  o f  a  dead 
zone n o n l i n e a r i t y  a s s o c i a t e d  w i u  t h e  p e r i p h e r a l  s e n s o r  which 
blocked t h e  response  from any s t i m u l u s  which was n o t  s u f -  
f i c i e n t l y  l a r g e .  The second h y p o t h e s i s  cons ide red  was t h a t  
s enso ry  eh re sho lds  a r o s e  on ly  because  t h e  s t i m u l u s  gene ra t ed  
a f f e r e n t  response was masked by t h e  v a r i a t i o n s  i n  a f f e r e n t  
f i r i n g  which a r e  independent  o f  t h e  s t i m u l u s ,  These hypotheses  
cou ld  be  d i s t i n g u i s h e d  e x p e r i m e n t a l l y  by de t e rmin ing  t h e  
t h r e s h o l d  l e v e l  ( 7 5 %  c o r r e c t  d e t e c t i o n )  a s s o c i a t e d  w i t h  a  
s t i m u l u s  which i s  p r o p o r t i o n a l  t o  t h e  sum o f  a s u b j e c t ' s  
v e l o c i t y  s t e p  and a c c e l e r a t i o n  s t e p  t h r e s h o l d s .  Such an 
expcr:iment *as c a r r i e d  o u t  and t h e  r e s u l t s  c l e a r l y  demonstra ted 
that: t h e  second hypo thes i s ,  d e s i g n a t e d  t h e  " s i g n a l  i n  noise 
model," was t o  be p r e f e r r e d  t o  t h e  "s imple  t h r e s h o l d  model." 
Fur thermore t h e  d a t a  i n d i c a t e d  t h a t  t h e  phenomena of v e s t i b u l a r  
t h r e s h o l d s  could  he accounted f o r  by a  model o f  c e n t r a l  
p r o c c s s i n q  of v e s t i b u l a r  i n fo rma t ion  c o n s i s t i n g  o n l y  o f  an 
o p t i m a l  p r o c e s s i n g  o f  a f f e r e n t  f i r i n g  r a t e s  i n  a d d i t i v e  n o i s e  
w i t h  - no n e c e s s i t y  f o r  p e r i p h e r a i  dead zone non l inea r -  
i t i c s .  
Once t h e  s i g n a l  i n  n o i s e  h y p o t h e s i s  was a c c e p t e d  a s  
an adcqua tc  modcl f o r  t h e  mechanism unde r ly ing  t h e  t h r e s h o l d  
phenomenon, i t  was neces sa ry  t o  deve lop  a model o f  t h e  
p roces so r  which ccu ld  p r e d i c t  t h e  d e t e c t i o n  p r o b a b i l i t i e s  a s  
a  f u n c t l o n  o f  t ime f o r  a r b i t r a r y  n e a r  t h r e s h o l d  s t i m u l i .  
The model which r e s u l t e d  i n c o r p o r a t e s  a f i r s t  o r d e r  
p r o c e s s o r  which a t t empt s  t o  e l i m i n a t e  t h e  t o n i c  d i s c h a r g e  
and any a s s o c i a t e d  low frequency,  low ampl i tude  v a r i a t i o n s  
s o  t h a t  t h e  rerr.alning s i g n a l  can be assumed t o  c o n s i s t  o f  
on ly  t h e  s t imu lus  r e l a t e d  s i g n a l s  and e s s e n t i a l l y  u n c o r r e l a t e d  
measurement no i se .  This  s i g n a l  can t h e n  be p roces sed  
s e q u e n t i a l l y  t o  produce e i t h e r  a  "moving r i g h t "  r e sponse ,  a  
"moving l e f t "  response o r  no r e sponse  a t  t h e  end o f  each  measure- 
ment i n t e r v a l .  Through t h e  use  o f  Monte Ca r lo  s i m u l a t i o n s  
w i th  d i f f e r e n t  sample f u n c t i o n 8  o f  t h e  n o i s e  p r o c e s s ,  a  
h i s togram o f  responses  a s  a  f u n c t i o n  o f  t i m e  can b e  gene ra t ed  
forany g iven  s t i m u l u s  which should  r e v e a l  bo th  t h e  t o t a l  
p r o b a b i l i t y  o f  c o r r e c t l y  d e t e c t i n g  t h a t  s t i m u l u s  over  a  g iven  
p e r i o d  of t ime and t h e  g e n e r a l  d i s t r i b u t i o n  o f  response  
l a t e n c i e s .  The t h r e s h o l d  model f o r  r o t a t i o n a l  s t i m u l i  
c o r r e c t l y  p r e d i c t s  t h e  t h r e s h o l d  magnitudes f o r  v e l o c i t y  
s t e p s ,  a c c e l e r a t i o n  s t e p s  and combinat ion s t i m u l i  ( v e l o c i t y  
s t e p  p l u s  acceleration s t e p )  and c o r r e c t l y  i n d i c a t e s  t h e  g e n e r a l  
d i s t r i b u t i o n  o f  response  l a t e n c i e s .  F i n a l l y  i t  is i n t e r e s t i n g  
t o  no tc  t h a t  t h e  d e t e c t o r  used t o  model r o t a t i o n a l  s t i m u l i  
when coupled wi th  t h e  a f f e r e n t  models f o r  t h e  o t o l i t h s  w a s  
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found t o  be adequate  f o r  p r e d i c t i n g  b a t h  t h e  accePe ra t ion  
s t e p  t h r e s h o l d  f o r  t h e  u t r i e l e a  and t h e  s a c c u l e s  and i n  
a d d i t ~ o n  gave r ea sonab le  p r e d i c t i o n s  f o r  t h e  d e t e c t i o n  l a t e n -  
c i e s  a t  t h r e s h o l d .  w h i l e  16 is p o s s i b l e  t h a t  sock a  f i n d i n g  
i s  c o i n c i d e n t a l  i t  seems more l i k e l y  t h a t  i t  i s  i n d i c a t i v e  
o f  t h e  f a c t  t h a t  t h e  h i g h e r  c e n t e r s  d e t e c t  motion by proces-  
s i n g  n e a r  threshoLd c a n a l  and o t o l i t h  i n f o r m a t i o n  i n  a  s i m i l a r  
manner. 
2 Summarry of  Supra th re shp ld  Plodell inq 
The problem o f  modeling human p e r c e p t i o n  sf supra-  
t h r e s h o l d  s t i m u l i  was d i v i d e d  i n t o  tzhree p a r t s ,  The 
f i r s t  p a r t  c o n s i s t e d  o f  m d e l l i n g  t h e  a f f e r e n t  i n fo rma t ion  
a v a i l a b l e  from t h e  s e n s o r s  and coupPing t h i s  w i t h  a model 
o f  c e n t r a l  proceasincl s u i t a b l e  for n o ~ i n t e r a c t i n g  s t i m u l i .  
The r e s u l t s  of  t h i s  e f f o r t  were t h r e e f o l d :  
1, P r e d i c t i o n s  could  be made f o r  t h e  dynamic response  
t o  s imple  non ln t e rac t iwg  s t i m u f i ,  
2 ,  The b e s t  e s t i m a t e  of t h e  h e a d i s r o t a t i o n a l  r a t e  
based upon in fo rma t ion  from t h e  s e m i c i r c u l a r  c a n a l s  
and t h e  b e s t  e s t i m a t e  o f  t h e  d i r e c t i o n a n d  magnitude 
o f  t h e  s p e c i f i c  f o r c e  v e c t o r  based  upon o t o l i t h  
i n fo rma t ion  was a v a i l a b l e  f o r  f u r t h e r  i n t e g r a t i o n  
f o r  t h e  c a s e  o f  i n t e r a c t i n g  s t i m u l i ,  
and 
3 .  A c o n s i s t e n t  mathemat ical  framework had been 
developed f o r  t h e  c e n t r a l  p r o c e s s o r  which i n c o r -  
po ra t ed  a m d e l  o f  t h e  a p r io r i  i n fo rma t ion  about  
t h e  s t i m u l u s ,  a model o f  t h e  s enso ry  dynamics and a 
model o f  t h e  v a r i a t i o n s  i n  a f f e r e n t  f i r i n g ,  and which 
i n d i c a t e d  t h a t  a t  l e a s t  i n  t h e  use  o f  o t o l i t h  informa- 
t i o n ,  t h e  c e n t r a l  p roces so r  made a s i g n i f i c a n t  
c o n t r i b u t i o n  t o  t h e  t o t a l  dynamic response .  
The second p a r t  o f  t h i s  i n v e s t i g a t i o n  c e n t e r e d  on t h e  
pe rcep t ion  o f  s t a t e  o r i e n t a t i o n  (no c a n a l  i n f o r m a t i o n )  w i t h  
r e s p e c t  t o  a c o n s t a n t  s p e c i f i c  f o r c e  f i e l d .  A thorough 
review o f  t h e  i l l u s i o n s  of s t a t i c o r i e n t a t i o n  i n d i c a t e d  t h a t  
they were c o n s i s t e n t  with a simple v e c t o r  t r a n s f o r m a t i o n  which 
could  be a s s o c i a t e d  w i t h  d i f f e r e n c e s  i n  t h e  p r o c e s s i n g  o f  
s i g n a l s  a r i s i n g  from s t i m u l i  i n  and s t i m u l i  p e r p e n d i c u l a r  t o  
t h e  " u t r i c l e  p l ane . "  Based on t h e s e  o b s e r v a t i o n s  a model 
was developed which i n c o r p o r a t e d  t h i s  d i f f e r e n c e  i n  p r o c e s s i n q  
and which was canab le  o f  ~ r e d i c t i n g  t h e  d i r e c t i o n  and magni- 
t u d e  of t h e  expe r imen ta l ly  determined i l l u s i o n s  o f  o r i e n t a t i o n .  
F i n j l l y  i t  was observed t h a t  t h e  a l t e r a t i o n  o f  s a c c u l a r  i n f o r -  
mation r e q u i r e d  by t h e  model was s i m i l a r  t o  t h e  n o n l i n e a r  
response t o  s t a t i c  t i l t s  seen  by Fernandez e t  a l .  (Ref. 24) 
i n  o t o l i t h  a f f e r e n t s  i n  t h e  s q u i r r e l  monkey. T h i s  s i m i l a r i t y  
suqqcs t s  t h a t  t h e  nicchanism which g i v e s  r i s e  t o  t h e s e  i l l u s i o n s  
may have a t  l e a s t  p a r t  o f  i t s  o r i g i n  i n  t h e  p e r i p h e r a l  s e n s o r .  
F i n a l l y  t h e  problem ~f i n t e g r a t i n g  i n f o r m t i o n  from 
t h e  s @ m i c i r c u l a r  c a n a l s  and t h e  o t o l i t h  f o r  t h e  g e n e r a l  
c l a s s  o f  i n t e r a c t i n g  s t i m u l i  w a s  cons ide red .  The major 
d i f f i c u l q  encounte red  i n  model l ing  t h e  p e r c e p t i o n  o f  dynamic 
o r i e n t a t i o n  f o r  motions which i n v o l v e  r o t a t i o n s  abou t  a  h o r i -  
z o n t a l  a x i s  was t h e  problem o f  d e r i v i n g  t h e  t r a n s f o r m a t i o n  
of  c a n a l  and o t o l i t h  i n fo rma t ion  which produces  a p e r c e p t i o n  
o f  o r i e n t a t i o n  w i t h  r e s p e c t  t o  t h e  v e r t i c a l .  Oncesuch a 
t r a n s f o r m a t i o n  i s  d e r i v e d p  p r e d i c t i o n s  f o r  t h e  o t h e r  per -  
p e t u a l  o u t p u t s  ( r o t a t i o n  r a t e s ,  a c c e l e r a t i o n s ,  e t c , )  fo l low i n  
a  r e l a t i v e l y  s t r a i g h t f o x w a r d  manner, The m d e l  for t h e  percep-  
t i o n  o f  t h e  v e r t i c a l  relies p r i m a r i l y  on  t h e  o t o l i t h  s e n s o r s  
f o r  low frequency ( < - .5  r ad / sec )  changes i n  o r i e n t a t i o n  
m d  r e l i e s  p r i m a r i l y  on c a n a l  i n fo rma t ion  which i s  confirmed 
by changes i n  t h e  d i r e c t i o n  o f  t h e  p e r c e i v e d  s p e c i f i c  f o r c e  
sensed  by t h e  o t o l i t h s  f o r  more r a p i d  changes  > - .5 r ad / sec )  
i n  o r i e n t a t i o n .  T h i s  s p e c t r a l  d i v i s i o n  o f  r e s p o n s i b i l i t y  
i s  q u i t e  r ea sonab le  i n  l i g h t  o f  t h e  f requency c h a r a c t e r i s t i c s  
o f  t h e  s e n s o r s  and t h e  problems a s s o c i a t e d  w i t h  any a t t e m p t  
t o  d i f f e r e n t i a t e  between t r a n s l a t i o n a l  a c c e l e r a t i o n s  and a  
change i n  o r i e n t a t i o n  wi th  r e s p e c t  t o  t h e  v e r t i c a l .  The 
response o f  t h e  model t o  s m a l l  v a r i a t i o n s  i n  tilt a n g l e  wi th  
r e s p e c t  t o  t h e  v e r t i c a l  i n  a 1 g environment i n d i c a t e  t h a t  
under t h e s e  c o n d i t i o n s  t h e  p e r c e p t i o n  o f  tilt shou ld  be 
e s s e n t i a l l y  c o r r e c t  f o r  f r equenc ie s  from ze ro  t o  about  t h r e e  
r ad i ans  p e r  second.  Accuracy i n  t h i s  r eg ion  of o p e r a t i o n  
should be expec ted  s i n c e  t h i s  i s  t h e  r eg ion  i n  which most 
head movements t a k e  p l a c e  i n  d a i l y  l i f e .  
The model ' s  u s e f u l n e s s  i n  p r e d i c t i n g ,  w i t h o u t  d e t a i l e d  
s imu la t ion ,  t h e  q u a l i t a t i v e  n a t u r e  o f  t h e  response  t o  be 
expected from r e l a t i v e l y  s imple  interacting s t i m u l i  was 
demonstrated w i t h  s e v e r a l  examples. Furthermore t h e  accuracy  
of t h e  model 's  q u a n t i t a t i v e  p r e d i c t i o n s  were shown f o r  
s e v e r a l  s t i m u l i  f o r  which d a t a  was a v a i l a b l e .  While s u g g e s t i o n s  
f o r  f u r t h e r  r e sea rch  t o  improve t h i s  model w i l l  be  g i v e n i n  t h e  
n e x t  s e c t i o n ,  t h e  r e s u l t s  o f  t h e  s i m u l a t i o n s  c a r r i e d  o u t  i n d i -  
c a t e  t h a t  t h e  model i n  i ts p r e s e n t  form should  be  ve ry  u s e f u l  
i n  p r e d i c t i n g  t h e  p e r c e p t u a l  response  t o  a  wide v a r i e t y  o f  
s t i m u l i  which up u n t i l n w c o u l d  n o t  be  c o n f i d e n t l y  p r e d i c t e d .  
9 . 3 .  Sugges t ions  f o r  F u r t h e r  Research 
The r e s u l t s  p re sen ted  i n  t h i s  t h e s i s  cou ld  be  ex tended  
by f u r t h e r  r e s e a r c h  i n  t h e  fo l lowing  a r e a s :  
1. There i s  a g r e a t  need f o r  f u r t h e r  i n fo rma t ion  about 
t h e  dynamic response  of o t o l i t h  a f f e r e n t s  t o  t ime  
va ry ing  changes i n  s p e c i f i c  f o r c e .  The model o f  o to -  
l i t h  i n fo rma t ion  developed i n  Chapte r  Three i s  
c o n s i s t e n t  w i t h  q u a l i t a t i v e  d e s c r i p t i o n s  o f  o t o l i t h  
response  bu t  shou ld  b e  compared t o  more q u a l i t a t i v e  
d a t a .  S p e c i f i c a l l y ,  a  s y s t e m a t i c  s tudy  of t h e  response  
o f  f i r s t  o r d e r  a f f e r e n t s  t o  s t i m u l i  of v a r i o u s  
f r e q u e n c i e s  would be very  useful. 
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2 I n v e s t  i g a t i o n  of p o s s i b l e  a f f e r e n t  v e s t i b u l a r  
t h r e s h o l d s  might b e  conducted by s t u d y i n g  t h e  
response  o f  a f f e r e n t  f i b e r s  t o  s t i m u l i  which are 
n e a r  t h e  p e r c e p t u a l  t h r e s h o l d .  One d i f f i c u l t y  
which would a r i s e  would be  t h a t  t h e  n o i s e  on a  s i n g l e  
a f f e r e n t  f i b e r  would be  s i g n i f i c a n t l y  g r e a t e r  t h a n  
t h e  response  due t o  t h e  s t i m u l u s .  The on ly  way t o  
c i rcumvent  t h i s  problem would be  t o  average t h e  
responses  o f  many s t i m u l u s  t r i a l s .  
3 .  The s t a t i s t i c s  sf a f f e r e n t  n o i s e  should  b e  i n v e s t i -  
ga t ed  much more thoroughly  t h a n  h a s  been done up t o  
t h i s  p o i n t .  Not o n l y  shou ld  t h e  a u t o c o r r e l a t i o n  o f  
t h e  n o i s e  process  on a s i n g P e  a f f e r e n t  be s t u d i e d  
b u t  a l s o  i t s  c o r r e l a t i o n  w i t h  t h e  n o i s e  p roces ses  
ow o t h e r  sensory a f f e r e n t s .  Such a n  i n v e s t i g a t i o n  
should  ind i ca t e  i f  t h e  low f requency  v a r i a t i o n  of t h e  
tonbe  d i scha rge  which was p o s t u l a t e d  i n  t h i s  t h e s i s  
is p r e s e n t  and would a l s o  s u g g e s t  t h e  degree  t o  which 
a f f e r e n t  channe ls  c a n  be  c o n s i d e r e d  independent .  
4 .  F u r t h e r  psychophysical  exper iments  should  be c a r r i e d  
o u t  t o  determine t h e  e f f e c t  o f  a s u p r a t h r e s h o l d  
s t i m u l u s  t o  one s e n s o r  on t h e  d e t e c t i o n  p r o b a b i l i t i e s  
a s s o c i a t e d  w i t h  a  n e a r  t h r e s h o l d  s t i m u l u s  t o  a n o t h e r  
s e n s o r .  The r e s u l t s  o f  such a s t u d y  might have 
s i g n i f i c a n t  i m p l i c a t i o n s  conce rn ing  t h e  a p p l i c a -  
b i l i t y  o f  subthreslaold s t i m u l i  f o r  t h e  improvement of  
s i m u l a t o r  f i d e l i t y .  
5 .  The amount o f  q u a n t i t a t i v e  d a t a  a v a i l a b l e  from 
psychophys ica l  exper iments  i n  which s u b j e c t s  a r e  
exposed t o  i n t e r a c t i n g  s t i m u l i  and f o r  wtfich they  
a r e  r eques t ed  t o  i n d i c a t e  t h e i r  p e r c e p t i o n  o f  t h e  
v e r t i c a l  i s  q u i t e  l i m i t e d .  Any expe r imen ta l  program 
which s y s t e m a t i c a l l y  i n v e s t i g a t e s  t h e s e  responses  
would prov ide  ve ry  u s e f u l  i n fo rma t ion  f o r  t h e  model- 
l i n g  o f  t h e  p e r c e p t u a l  response  t o  i n t e r a c t i n g  s t i m u l i .  
6 .  Neurophysiologic  s t u d i e s  o f  t h e  i n t e r a c t i o n  o f  
s e m i c i r c u l a r  c a n a l  and o t o l i t h  i n f o r m a t i o n  n i g h t  
be very  p roduc t ive .  S ince  t h e  o tol i ths  p r o v i d e  t h e  
s t e a d y  s t a t e  response  t o  cont inuous  r o t a t i o n s  abou t  
a  h o r i z o n t a l  a x i s  i n  t h e  same way t h a t  t h e  v i s u a l  
sys tem does f o r  r o t a t i o n s a b o u t  a v e r t i c a l  a x i s ,  
i t  would b e  r ea sonab le  t o  assume t h a t  h i g h e r  o r d e r  
v e s t i b u l a r  neurons  e x i s t  (most l i k e l y  i n  t h e  medial  
v e s t i b u l a r  nuc leus  s i n c e  t h i s  is t h e  f i r s t  nuc l eus  
which r e c e i v e s  s i g n i f i c a n t  p r o j e c t i o n s  from bo th  t h e  
s e m i c i r c u l a r  c a n a l s  and t h e  o t o l i t h s )  which depend 
upon bo th  s e m i c i r c u l a r  c a n a l  a f f e r e n t 8  and o t o l i t h  
a f f e r c n t s  ar.d which c o r r e c t l y  r e f l e c t  t h e  t r u e  r o t a t i o n  
about  a  h o r i z o n t a l  a x i s  (see Dischgans e t  a 1  Ref. 22  ard 
Henn, Young, F i n l e y  R e f .  37 f o r  ev idence  of such an  
i n t e r a c t i o n  between s e m i c i r c u l a r  c a n a l  and v i s u a l  i n -  
format ion f o r  r o t a t i o n s  about  a  v e r t i c a l  a x i s ) .  
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7. F i n a l l y  an a t t empt  should  b e  made t o  i n c o r p o r a t e  
v i s u a l  i n fo rma t ion  i n t o  t h e  model o f  human p e r c e p t i o n  
o f  dynamic o r i e n t a t i o n .  While t h e r e  is n o t  s u f f i c i e n t  
bnformatj.on a t  t h i s  t i m e  t o  deve lop  a d e f i n i t i v e  model 
o f  v i s u a l - v e s t i b u l a r  p e r c q t i o n  o f  dynamic o r i e n t a t i o n  
t h e r e  is a g r e a t  need f o r  a p re l imdnary  model which 
i n c l u d e s  v i s u a l  i n fo rma t ion .  Such a model would be 
u s e f u l  t o  sugges t  c r i t i c a l  psychophys ica l  and neurophysi-  
o l o g i c a l  exper iments  and cou ld  b e  modif ied o r  i f  
neces sa ry  r a d i c a l l y  a l t e r e d  i n  l i g h t  o f  new e x p e r i -  
mental  r e s u l t s .  Evan i f  t h e  model underwent several 
r a d i c a l  changes t h e  e x p l i c i t  n a t u r e  of such a mathe- 
m a t i c a l  mode9 h e l p s  t o  c l a r i f y  b o t h  t h e  i s s u e s  i n -  
volved and t h e  under ly ing  assumptions  which t o o  
o f t e n  are made bu t  n o t  e x p l i c i t l y  recognized  o r  undor- 
s t o o d ,  
SUMMARY OF PARAMETERS FOR PERCEPTUAL MODELS 
I. SEMICIRCULAR CANAL MODEL 
The response of semicircular canal afferents is modelled 
by the following linear dynamical system (see section 3.1). 
= && + F&w (A.1) 
0 1 0 
where 0 1 3 (A.3) -.37037 -17.7966 -200.0888 
SFRc is the spontaneous firing rate (90 ips) (A.6) 
including low frequency variations 
n is a white measurement noise process which 
C 
is discussed in the section 3.1 
w is the effective stimulus to the canal in (rad/sec) 
and yc is the first order afferent response of the canal 
(ips) 
In the computer simulations used to test the model the 
afferent response was updated every .1 sec, by the following 
discrete model: 
where 
%* SFR and nc are the same as previously defined and 
w is the effective stimulus (rad/sec) 
Since the Kalman filter was designed to process one 
measurement each second and to estimate not only the internal 
states of the sensor but also the stimulus input, w ,  it 
n ~ u f i t  have a model of the canal dynamics and the input process. 
This is accomplished by augmenting the skate v@@tor of equa- 
tion A . 1  with a state xc (4) which represents the input w (see 
figure 3 . 3 ) .  The resulting linear model which represents 
the internal model used by the Kalman estimator is given by: 
x = A  x 
-CS -CX-CI -P %I"CI (A. 11) 
0 1 0 
where 0 1 ( A . 1 3 )  
-.37037 -17.7966 -200.0888 1 
0 0 0 - 5 
(A. 1 4 )  
%I is a u n i t  wh i t e  n o i s e  p r o c e s s  (A. 15) 
and YCI, SFRCI, nCI a r e  t h e  same ds yc,  s, 
SFRc, nc 
The d i s c r e t e  v e r s i o n  of t h e  Kalman f i l t e r  (see e q u a t i o n s  
3.11, 3.13, 3.14 arld 3.15) r e q u i r e s  t h e  t r a n s i t i o n  m a t r i x  
a s s o c i a t e d  w i t h  $I which i s  g iven  by 
The r e s u l t a n t  s t e a d y  s t a t e  Kalman Gains a r e  g iven  b y  
F i n a l l y  t n e  s t eady  s t a t e  Kalman f i l t e r  f o r  t h e  s e m i -  
c i r c u l a r  c a n a l  sys tem is g iven  by 
,. 
where %4 ( t + l )  i s  t n e  minimum mean squared  e r r o r  e s t i m a t e  
of t h e  r o t a t i o n a l  r a t e  w ( t + l )  
yC. is the afferent meaaurement at t+l 
@ Km and 41' - C' S F R ~ f a  %X are defined above. 
XI. OTOLITH MODEL 
The response of utricular afferents is modolled by 
the following linear dynarnical system (see section 3.2). 
where 
Cu = g1800, m o o 0 1  (A. 23) 
SPRU is the spontaneous firing rate (88 ips) (A.24) 
including low frequency variations 
u 
is a white measurement noise process which 
is discussed in section 3.2 
f is the effective specific force acting on the 
sensor (gSs) 
and y u is the afferent response of the utricle (ips). 
T h e  discrete version of equations ( A . 1 9 )  and (A.201 
for an update interval of -1 seconds is given by 
where 
.98118 .0049059 
@ (t+.l,t) = 
-U - ,19624 -.00098118 I (A.27) 
cu 8 SFRu and nu are as previously defined and f is 
the specific force stimulus (g's). The internal model of 
the otolith dynamics augmented with the internal model of 
the stimulus statistics is given by 
where 
WUI is a unit white noise process 
and YUI, C U I ,  SPRUI, n UI are the same as yU, cU, 
SFRU and n u 
(A.29) 
(A. 30) 
(A. 31) 
(A. 32) 
(A. 33) 
The transition matrix associated with A for a 1 
--UI 
second update interval is given by: 
The steady state Kalman gains for the system defined by 
(A.29) and (A.30) are 1 . b283x101~\ 
- L u  .- .2792%10 (A. 35) 
.6%02x10-~ 
Finally the steady state Kalman f i l t e r  for the utricle 
is given by 
~ U I  is the afferent measurement at t+l 
and aU18 Emu, SFR"~, CUI are defined above. 
The saccubar model is identical to that of the utricle 
except that the afferent response is only half as great (ys = 
yU/2) and the resulting Kalman gains are twice as great (Kls= 
25,,, 0 
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